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Traumatic brain injury (TBI) can be associated with memory
impairment, cognitive deficits, or seizures, all of which can
reflect altered hippocampal function. Whereas previous studies
have focused on the involvement of neuronal loss in post-
traumatic hippocampus, there has been relatively little under-
standing of changes in ionic homeostasis, failure of which can
result in neuronal hyperexcitability and abnormal synchroniza-
tion. Because glia play a crucial role in the homeostasis of the
brain microenvironment, we investigated the effects of TBI on
rat hippocampal glia. Using a fluid percussion injury (FPI) model
and patch-clamp recordings from hippocampal slices, we have
found impaired glial physiology 2 d after FPI. Electrophysiologi-
cally, we observed reduction in transient outward and inward
K1 currents. To assess the functional consequences of these
glial changes, field potentials and extracellular K1 activity were
recorded in area CA3 during antidromic stimulation. An abnor-

mal extracellular K1 accumulation was observed in the post-
traumatic hippocampal slices, accompanied by the appear-
ance of CA3 afterdischarges. After pharmacological blockade
of excitatory synapses and of K1 inward currents, uninjured
slices showed the same altered K1 accumulation in the ab-
sence of abnormal neuronal activity. We suggest that TBI
causes loss of K1 conductance in hippocampal glia that results
in the failure of glial K1 homeostasis, which in turn promotes
abnormal neuronal function. These findings provide a new po-
tential mechanistic link between traumatic brain injury and
subsequent development of disorders such as memory loss,
cognitive decline, seizures, and epilepsy.
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Altered excitability of hippocampal neurons can be responsible
for memory impairment, cognitive deficits, and seizures that are
common outcomes of traumatic brain injury (TBI). These neu-
rological outcomes have been well documented, but their patho-
genic processes still remain largely unknown (Annegers et al.,
1980; Temkin et al., 1990; Lowenstein et al., 1992; Wheal et al.,
1998). Indeed, they can appear in patients who suffered either
severe or only mild forms of TBI (Jennett, 1973; Rimel et al.,
1981; Kraus, 1987; Temkin et al., 1996). Thus, the interplay of
different pathogenic mechanisms may be involved in post-
traumatic altered neuronal excitability, and consequently in mem-
ory and cognitive impairment, seizures, and their progression
toward epilepsy.

The majority of the experimental research effort has been thus
far focused on neuronal injury in animal models of TBI. Using
lateral fluid percussion injury (FPI), a clinically relevant model of
TBI, Lowenstein et al. (1992) first described the bilateral loss of
hilar neurons and its association with dentate gyrus hyperexcit-
ability. This lesion was shown by Smith et al. (1991) to be
associated with spatial memory impairment. Lyeth et al. (1990)
showed that midline FPI also causes spatial learning deficits in

rats. Survival of specific neuronal populations and changes in
synaptic circuitry or efficacy may all affect the neuronal excitabil-
ity and synchronization (Schwartzkroin, 1993). Because, ulti-
mately, neuronal firing is controlled by ionic gradients, the regu-
lation of the extracellular environment and ionic gradients is
fundamental for the maintenance of normal neuronal excitability
and function, regardless of noxious effects on neurons. Previous
work has demonstrated the sensitivity of in situ neurons to ele-
vated extracellular K1 and has lead to the acceptance of the
“high-K1 ” model of epileptiform activity (Meltzer, 1899; Feld-
berg and Sherwood, 1957; Zuckermann and Glaser,1968; Trayne-
lis and Dingledine, 1988; Jensen et al., 1994). Because potassium
homeostasis is regulated by glia, neuronal excitability may, under
certain circumstances, depend on non-neuronal mechanisms.

Glial membrane ion channels participate in the control of ionic
homeostasis (Orkand et al., 1966; Newman, 1984; Ballanyi et al.,
1987) and, under the condition of pharmacologically impaired K1

influx into glia, abnormal accumulation of K1 in the extracellular
space and increase in neuronal excitability occur (Ballanyi et al.,
1987; Janigro et al., 1997; D’Ambrosio et al., 1998b). Given this
important role of glia, we were interested in exploring possible
post-traumatic changes in glial membrane properties and their
impact on neuronal excitability. In the present study, we investi-
gated (1) whether TBI causes electrophysiological changes of
hippocampal glia, with a special interest in alterations of potas-
sium conductance that has been observed in other models of
reactive glia (MacFarlane and Sontheimer, 1997; Bordey and
Sontheimer, 1998), and (2) whether changes of glial membrane
properties after TBI have functional consequences on extracel-
lular K1 homeostasis and neuronal excitability. We compared the
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electrophysiological properties of uninjured and post-traumatic
hippocampal glia. After FPI, glia demonstrated profound changes
in their membrane K1 currents, particularly a loss of inward K1

current and IA. These changes were accompanied by impairment
of extracellular K1 homeostasis and an associated neuronal
hyperexcitability.

MATERIALS AND METHODS
Fluid percussion injury. Male Sprague Dawley rats (postnatal days 26–31)
were anesthetized with 4% halothane, intubated, and mechanically ven-
tilated on 1.5% halothane and 30% O2. Core temperature was main-
tained at 37°C with a heating pad. The scalp was reflected to expose the
skull, and a 4 mm midline burr hole was drilled 2 mm posterior to
bregma, with care taken to not penetrate the dura. A female Luer-Lok
cannula was then secured to the skull using a small anchoring screw
(inserted into the skull adjacent to the cannula) and methyl-methacrylate
cement. The animal was connected to the FPI device via the Luer-Lok,
and a single 3–4 atm pressure pulse was delivered to the closed cranial
cavity. The pressure pulse was measured by a transducer (Entran) lo-
cated near the male–female connection. Animals receiving a sham injury
were anesthetized and monitored in an identical manner, but the single
pressure pulse was generated with the three-way stopcock closed so that
no fluid entered the injury cannula. Animals were weaned from the
ventilator and extubated. During the period of recovery from anesthesia
and injury, neurological function was assessed by determining the pres-
ence or absence of reflexes, including paw-pinch withdrawal, corneal,
pinna, respiratory drive, and righting reflex. Appropriate preinjury and
postinjury management was maintained to insure that all guidelines
established by the University of Washington Animal Care Committee
were met.

GFAP immunoreactivity. At 2 d post-surgery, animals (naı̈ve, sham,
and FPI) were anesthetized (pentobarbital overdose) and perfused tran-
scardially with 100 ml of 0.9% saline, followed by 200 ml of 4% parafor-
maldehyde (in 0.1 M phosphate buffer, pH 7.35) over a 30 min period.
Brains were removed and post-fixed in the paraformaldehyde solution
overnight, then placed in a 30% sucrose in 0.1 M phosphate buffer
solution and allowed to sink (24–36 hr for cryoprotection). Tissue sec-
tioning (35 mm) was performed on a freezing microtome. For GFAP
immunocytochemistry, free-floating sections were incubated in a solu-
tion of 3% normal goat serum (NGS), 0.1% Triton X-100 (TX), and 1.0%
bovine serum albumin (BSA) in 0.1 M Tris-buffered saline (TBS; pH 7.4)
for 1 hr to block nonspecific staining. Sections were then transferred to
the primary antisera containing 1:800 dilution of antibody against GFAP
(Dako, Carpinteria, CA) in 0.1 M TBS with 3% NGS, 0.1% TX, and 1.0%
BSA. After incubation for 24 hr, the tissue was rinsed in 0.1 M TBS, pH
7.4, five times for 10 min. Secondary antibody treatment included a 1.5 hr
incubation in a 1:300 solution of biotinylated goat anti-rabbit IgG in 0.1
M TBS with 3% NGS, 0.1% TX, and 1% BSA. A rinse cycle followed,
then a 1 hr incubation in a 1:500 Elite avidin–biotin horseradish perox-
idase complex (ABC; Vector Laboratories, Burlingame, CA) in 3% NGS,
0.1% TX, and 1% BSA in 0.1 M TBS. After three rinses in 0.1 M TBS, and
three rinses in 0.1 M TB, pH 7.6, the sections were immersed in 7.6 mM
nickel ammonium sulfate and 0.05% 3,3-diaminobenzenidine (DAB) in
0.1 M TB solution, pH 7.6, for 5 min, followed by 15 min in 0.05% DAB
containing 2% D-glucose, 0.04% ammonium-chloride, and 0.0003% glu-
cose oxidase in TB. Four coronal sections of the hippocampus were
visually examined per animal, and only the CA3 strata radiatum and
pyramidale were considered.

We previously observed no difference either in GFAP reactivity or in
neuronal excitability between CA1 subregion of naı̈ve and sham-operated
rats (D’Ambrosio et al., 1998a). No difference in the morphology or
GFAP content of astrocytes was also observed in CA3 of sham-operated
and naı̈ve, uninjured animals. Thus, changes in glial electrophysiological
properties and in extracellular K 1 homeostasis are not likely to occur in
sham rats. The electrophysiological experiments presented below were
obtained by comparison of naı̈ve versus post-FPI hippocampi.

Hippocampal slice preparation. Naı̈ve or 24–48 hr post-FPI rats were
anesthetized with halothane and decapitated. Brains were rapidly dis-
sected out in ice-cold, oxygenated modified artificial CSF (aCSF) com-
posed of (in mM): 120 NaCl, 3.1 KCl, 3 MgCl2, 1 CaCl2, 1.25 KH2PO4,
26 NaHCO3, and 10 dextrose. This low-calcium and high-magnesium
solution was used to reduce cellular damage promoted by Ca 21 influx.
The two hemispheres were separated by a medial sagittal cut. Each
hemisphere was glued to the metal stage of a vibratome and bathed in the

modified aCSF. Slices 400-mm-thick were obtained cutting perpendicu-
larly to the longitudinal axes of the hippocampi. Slices were then gently
transferred with a pipette to a holding chamber containing aCSF com-
posed of (in mM): 120 NaCl, 3.1 KCl, 1 MgCl2, 2 CaCl2, 1.25 KH2PO4,
26 NaHCO3, and 10 dextrose. Slices were allowed to recover at room
temperature (24–26°C) for at least 1 hr before they were transferred to
the recording chamber. Saline solutions were equilibrated with 95% O2
and 5% CO2 to a final pH of 7.4.

Patch-clamp recordings. Slices were gently transferred to a submersion
recording chamber in which they were constantly perfused with oxygen-
ated aCSF at a rate of 1–2 ml/min. Complete solution exchange was
achieved within 3 min. All the electrophysiological recordings were
performed at room temperature (24–26°C); temperature fluctuated
,1°C during each experiment. Glial cells were selected for recordings
under visual control with a Nikon microscope equipped with Hoffman
optics at 4003 magnification. Patch-clamp recordings were obtained
using an Axopatch 1-C (Axon Instruments, Foster City, CA) in current-
or voltage-clamp mode. Whole-cell pipettes for ruptured patch were
filled with (in mM): 140 K-gluconate, 1 MgCl2, 2 Na2-ATP, 0.3 NaGTP,
10 HEPES, and 0.5 EGTA, and adjusted to a final pH of 7.2 (with
NaOH). The K 1 reversal potential calculated for our pipette and aCSF
solution was 288.7 mV. Pipettes had resistance of 5–6 MV. Series
resistance (RS) was compensated at ;80% (lag time, 10 msec) and
monitored during the experiment. Recordings were digitized at 48 kHz,
filtered at 2–5 kHz, displayed on an oscilloscope, recorded on tape, and
acquired on a 486 computer with Clampex 6 (Axon Instruments). Cell
membrane capacitance was measured by applying voltage steps of 65 mV
from the holding potential of 270 mV and integrating the capacitive
current for the time of the transient. Cell membrane potential was
corrected for the tip potential recorded on withdrawal of the micropi-
pette from the cell. Currents reported were not leak-subtracted. The cell
input resistance (RIN) was measured in voltage clamp. From the holding
potential, set to be equal to the resting membrane potential (RMP)
(Iholding 5 0), voltage steps of 65 mV (duration, 100 msec) were applied.
The input resistance was determined from the steady-state current re-
sponse. Electrophysiological experiments were analyzed with Clampfit
(Axon Instruments), and data were graphed and plotted with Origin
5.0 (MicroCal, Northampton, MA). Specific current densities (pico-
ampere per picofarad) were calculated by dividing the ionic current by
the cell capacitance. Unless otherwise specified, data are expressed as
mean 6 SEM.

Field recordings. Field potentials were recorded with extracellular
pipettes filled with normal aCSF equilibrated with 95% O2 and 5% CO2.
An Axopatch 1C (Axon Instruments) was used to amplify the signals.
Slice stimulation was carried out using a constant current stimulator
(WPI A365; World Precision Instruments). The stimuli were delivered
through a bipolar concentric tungsten electrode. The antidromic stimu-
lation of CA3 pyramidal cells was achieved by placing the electrode in
CA2 stratum radiatum to activate Schaffer collaterals. Stimulation rate
was set at 0.05, 1, or 3 Hz (400 mA; pulse duration, 100 msec). In a subset
of experiments, we blocked neuronal burst discharge by bath-applying
the glutamatergic ionotrophic receptor antagonist kynurenic acid (1 mM;
Sigma, St. Louis, MO). To assess the effect of Cs 1 (1 mM) on inward K 1

currents independent from the hyperpolarization-activated mixed cation
conductance (Ih), we applied the selective blocker ZD 7288 (Zeneca).
The experiments with Cs 1 were performed by adding CsCl (1 mM) to
the bathing solution.

Extracellular potassium measurements by ion-selective microelectrodes.
Double-barreled borosilicate capillaries were treated with sulfuric acid
dissolved in 30% H2O, washed, and treated with increasing concentra-
tions of acetone to displace water and improve drying. Pipettes were
dried at 100°C, and were then pulled by a PB-7 vertical puller (Narishige,
Tokyo, Japan). Microelectrodes with tip diameter of ;2 mM were ob-
tained. The ion-sensitive barrel was treated with trimethylchlorosylane,
and its tip was back-filled with the potassium-selective solution (cocktail
“B”; Fluka, Buchs, Switzerland). The rest of the potassium-selective
barrel was filled with 140 mM KCl. The reference barrel was filled with
aCSF. A WPI high-impedance dual-differential electrometer (WPI
FD223) was used for potassium activity recordings. Signals were ampli-
fied with a voltage amplifier (AI2040; Axon Instruments), digitized, and
stored on computer. The field potential was subtracted analogically from
the potential recorded from the ion-selective barrel to dissect the con-
tribution attributable to changes in K 1 activity. A set of microelectrodes
was prepared the day before the experiments. Electrodes were calibrated
before and after the experiments to verify their stability over time. We
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routinely performed tests for the selectivity of the electrode when the
potassium channel blocker cesium was used during K 1-activity record-
ings. A complete description of the methods used to compensate for the
interfering ion can be found in a variety of references (Nicolsky, 1937;
Eisenman, 1967; Ammann, 1986; Janigro et al., 1997). The relationship
between the electromotive force read by the electrometer and the cor-
responding [K 1] was obtained by fitting the Nicolsky–Eisenman equa-
tion to the experimental calibration points. We chose Fluka cocktail “B”,
a valinomicin-based fluid exchanger, for its selectivity to potassium in the
presence of the interfering ion cesium. We found that 1 mM Cs 1 did not
significantly affect the linearity of the response of our electrodes in the
range of extracellular potassium levels that we were investigating (from 3
to 7 mM). Each electrode was calibrated using aCSF in which increasing
K 1 was compensated by removal of isomolar Na 1. Potassium concen-
trations of 2, 4.35, 7, 12, and 43.5 mM, with or without CsCl (1 mM), were
used for calibration. Only potassium-selective microelectrodes (KSM)
showing slopes of 40–60 mV for a 10-fold change in [K 1] were used. If,
after recording, there was a decrease in responsiveness of the KSM (to a
slope of ,40 mV/decade), the results were discarded. Maximal care was
taken during the experiments to measure the basal [K 1]out. To record
reliably changes of basal [K 1]out, we eliminated DC shifts of potential
during KSM insertion into the slice caused by the interaction of the
ion-selective exchanger with the lipophylic matter of the tissue (Am-
mann, 1986); to this end, the electrode tip was twice lowered into an
extraneous portion of the hippocampal slice (subiculum or entorhinal
cortex). Using this protocol, we observed no further DC shifts during
subsequent electrode insertions into the slice, and thus interpreted the
DC shifts as attributable to changes in K 1 activity (Ammann, 1986;
Haglund and Schwartzkroin, 1990). KSM were consistently at a depth of
;150 mm.

RESULTS
Hippocampal CA3 astrocytes are reactive after midline
fluid percussion injury
Immunocytochemical studies on the GFAP1 cell population of
the rat hippocampus were performed to characterize the histo-
logical nature of astrocytic changes after midline FPI (Fig. 1). We
were particularly interested in post-traumatic changes of the glial
population in CA3 because we previously observed that synchro-
nous neuronal activity arises in this region under the condition of
impaired glial uptake of K1 through membrane ion channels
(D’Ambrosio et al., 1998b). Sham sections showed no change in
the overall GFAP immunoreactivity in CA3 strata radiatum and
pyramidale (Fig. 1C,D). However, profound changes were ob-
served in post-FPI sections, where an increase in GFAP immu-
nostaining was evident in both CA3 stratum radiatum and pyra-
midale (Fig. 1E,F). At higher magnification, post-FPI glia
appeared thickened at visual examination because of the in-
creased GFAP1 immunoreactivity (Fig. 1F).

Passive electrophysiological properties of post-FPI
CA3 glia
The electrophysiological changes of post-traumatic glia were stud-
ied in acutely isolated hippocampal slices. Glial cells were visually
identified in CA3 strata radiatum and pyramidale as cells with
oval somata of ,10 mm diameter. These cells never fired action

Figure 1. Reactive response of CA3 as-
trocytes after midline FPI. GFAP im-
munoreactivity in slices from control (A,
B), sham (C, D), and injured animals (E,
F ). After midline FPI there is a marked
increase in GFAP immunoreactivity of
the single cells (1003, A, C, E; 2003, B,
D, F ). Scale bars, 50 mm.
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potentials during seal formation (D’Ambrosio et al., 1998b).
Identification of these cells as glia was confirmed by biocytin
filling and subsequent morphological analysis of fixed sections
(n 5 16). Whole-cell patch-clamp recordings were obtained from
a total of 49 glial cells from naı̈ve or post-traumatic animals. The
passive properties of control and post-FPI reactive glia are sum-
marized in Table 1. With K1-gluconate-based intracellular solu-
tions, RMPs spanned a wide range in both normal and post-
traumatic glia (from 277 to 243 mV for control slices, and from
275 to 244 mV for post-traumatic slices). No differences were
found between RMP distribution in control and post-traumatic
CA3 glia: recordings obtained from control CA3 glia yielded an
average RMP of 265.5 6 2.6 mV (n 5 28), whereas those
obtained from post-FPI slices were 268 6 2 mV (n 5 21; p 5 0.2).
Mean input resistance (RIN) computed from all of the recorded
control glial cells was 196 6 21 MV (n 5 28), whereas that for
post-FPI glia was 163 6 25 MV (n 5 21; p 5 0.3).

Three electrophysiologically distinct types of glia are normally
found in the hippocampus. These cells are recognizable by the
expression of distinct whole-cell currents and by their sensitivity
to extracellular Cs1 (D’Ambrosio et al., 1998b). These three
types of glia (complex, inwardly rectifying, and linear cells) could
also be found in CA3 of post-FPI slices. However, since the linear
type was virtually absent even in control slices (n 5 2), we did not
consider these cells for this report. The RMP values for complex
and inwardly rectifying cells did not differ from those of controls.
Similarly control and post-FPI complex and inward rectifier cells
yielded similar input resistance values (Table 1), and no statisti-
cally significant differences were found by comparing across con-
trol and injured groups.

No changes in membrane capacitance were observed in in-
wardly rectifying glia 24–48 hr after midline FPI. Conversely, a
significant decrease in cell membrane capacitance was found in
complex cells (Table 1). Control complex cells had a capacitance
of 34 6 5 pF (n 5 10) whereas complex cells in post-FPI slices had
15 6 7 pF (n 5 10; p 5 0.004). Biocytin filling and postelectro-
physiological analysis of the fixed section revealed that all the
recovered complex cells had oligodendrocyte-like morphology
(n 5 8 cells; Fig. 2), whereas all the recovered inwardly rectifying
cells showed astrocytic morphology (n 5 4 cells). Cell-to-cell
coupling among complex cells was never observed. Thus, the
decrease in membrane capacitance could not be accounted for by
changes in cell-to-cell coupling.

Complex and inward rectifier glia lose inward
potassium current after fluid percussion injury
Complex and inward rectifier glial cells are endowed with inward
K1 currents that may be involved in buffering of extracellular K1

(Newman, 1984, 1995; Janigro et al., 1997; McKhann et al., 1997;
D’Ambrosio et al., 1998b). Inward K1 current expressed in glia
are sensitive to blockade by extracellular Cs1 (Ransom and
Sontheimer, 1995; Janigro et al., 1997; D’Ambrosio et al., 1998b).

We used bath application of this blocker during whole-cell glial
recordings to measure the inward K1 current in control and FPI
tissue. For both complex and inward rectifier glial cells, we found
a significant loss of inwardly rectifying K1 currents after FPI. To
quantify the expression of inward rectifier potassium currents in
control and post-FPI slices, we used the same voltage command
protocol previously employed to characterize these cell types
(D’Ambrosio et al., 1998b). Voltage commands consisted of 750
msec duration ramps, from 2170 to 1100 mV (from a holding
potential of 270 mV). Under these voltage command conditions,
complex and inwardly rectifying glial cells normally showed Cs1-
sensitive inwardly rectifying K1 currents. Bath application of
Cs1 (1 mM) yielded a different degree of blockade depending on
the cell type and the experimental condition (control vs FPI). For
each cell, we computed the percentage of Cs1-sensitive current
(ICs) present at any given membrane potential with respect to the
total whole-cell current at that potential (Imax). This ratio is an
indicator not only of the cell type endowed with inward potassium
current (i.e., complex vs inward rectifier cells) but also of the
effect of FPI. Figure 3 shows voltage-clamp recording and the
pharmacological isolation of the inward current in complex cells
from control and post-FPI hippocampal slices. Complex cells in
normal hippocampal slices exhibited large inward Cs1-sensitive
current components, particularly at hyperpolarized levels (ICs/
Imax5 81 6 11% at 2140 mV; n 5 7). In contrast, complex cells
in post-FPI hippocampal slices displayed little Cs1 sensitivity i.e.,

Table 1. Passive electrophysiological properties of control and post-FPI CA3 glia

Complex cells Inwardly rectifying cells

Control FPI Stat Control FPI Stat

RMP (mV) 270 6 4 (10) 268 6 3 (10) p 5 0.25 264 6 10 (18) 268 6 4 (11) p 5 0.14
RIN (MV) 210 6 74 (10) 214 6 138 (10) p 5 0.94 187 6 128 (18) 115 6 71 (11) p 5 0.1
Capacitance (pF) 34 6 14 (10) 15 6 7 (10) p 5 0.004* 10.5 6 5 (14) 9.5 6 4 (11) p 5 0.6

Values given for control and post-FPI glia are means 6 SD, with number of recordings in parentheses. Asterisk indicates statistical significance.

Figure 2. Post-FPI CA3 complex cells have oligodendrocyte-like mor-
phology. Photomicrograph (A) and camera lucida drawings (B–D; C,
same cell as in A) of biocytin-filled complex cells located in CA3 stratum
radiatum. All the complex cells recovered for morphological analysis
showed oligodendrocyte-like morphology (n 5 8). These cells are char-
acterized by fine long processes that show periodic swellings and that
radiate from small somata. Scale bar, 50 mm.
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exhibited only a small Cs1-sensitive component of the whole-cell
inward currents (ICs/Imax5 28 6 8% at 2140 mV; n 5 7). The
inward current components that were Cs1-insensitive were small
in control complex cells [(Imax 2 ICs)/Imax5 19 6 11% at 2140
mV; n 5 7). Conversely, post-FPI complex cells displayed large
Cs1-insensitive current component [(Imax 2 ICs)/Imax 5 72 6 8%
at 2140 mV; n 5 7). We performed the same type of analysis
from a total of 23 inward rectifier glial cells (Fig. 4). Inward

rectifier glia in normal hippocampal slices exhibited proportion-
ally more Cs1-sensitive inward current than those found in
post-FPI hippocampal slices. Bath application of Cs1 (1 mM)
revealed that inward rectifier cells in normal hippocampus were
characterized by an ICs/Imax of 16 6 1% (at 2140 mV; n 5 13).
In contrast, inward rectifier cells from post-FPI hippocampus
exhibited an ICs/Imax of 8 6 2% (at 2140 mV; n 5 10). The
inward current component that was Cs1-insensitive in control
inward rectifier cells was 84 6 1% (at 2140 mV; n 5 13) and 92 6
2% in post-FPI inward rectifier cells (at 2140 mV; n 5 10).

Figure 3. Complex glial cells lose inward K 1 currents after midline FPI.
Complex cells in control hippocampal slices exhibited large Cs 1-sensitive
currents (A, top and bottom panels) and were characterized by a large
Cs 1-sensitive component (81 6 11% at 2140 mV; n 5 7). In contrast,
complex cells in post-FPI hippocampal slices displayed little Cs 1-
sensitivity (B, top and bottom panels) and showed a decreased Cs 1-
sensitive component of the whole-cell inward currents (28 6 8% at 2140
mV; n 5 7). C, The percentage of Cs 1-sensitive currents (ICs ) for
complex cells in normal and post-FPI hippocampus is shown for mem-
brane potentials from 2140 to 280 mV. Voltage commands consisted of
ramps from 2170 to 1100 mV over 750 msec from holding potential of
270 mV.

Figure 4. Inward rectifier glial cells lose inward K 1 currents after mid-
line FPI. Inward rectifier glia in normal hippocampal slices exhibited
Cs 1-sensitive currents (A, top and bottom panels) that were higher than
those found in inward rectifier cells in post-FPI hippocampal slices (B, top
and bottom panels). C, The percentage of Cs 1-sensitive currents for
inward rectifier cells in normal and post-FPI hippocampus is shown for
membrane potentials from 2140 to 280 mV. Bath application of Cs 1 1
mM revealed that inward rectifier cells in normal hippocampus were
characterized by 16 6 1% Cs 1-sensitive current (at 2140 mV; n 5 13).
In contrast, inward rectifier cells in post-FPI hippocampus showed de-
creased Cs 1-sensitivity of the inward currents to 8 6 2% (at 2140 mV;
n 5 10). Voltage commands consisted of ramps from 2170 to 1100 mV
over 750 msec from holding potential of 270 mV.
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The discrepancy between loss of Cs1-sensitive K1 currents
and no change in RIN may be accounted for by inward rectifier
channels being located in fine distal processes of the glial mem-
brane and thus undetectable by small voltage commands used to
test RIN around cell RMP. We thus measured the absolute inward
current evoked by the ramp command at 2140 mV, a voltage
command sufficient to cause potential changes even in distal
processes. For this measurement we used only cells that appeared
to be isolated, as determined by their membrane capacitance and
by biocytin filling (D’Ambrosio et al., 1998b). Complex cells in
normal hippocampal slices exhibited a mean inward current of
2350 6 33 pA (at 2140 mV; n 5 10). In contrast, complex cells
in post-FPI slices exhibited significantly less inward current
(2210 6 43 pA at 2140 mV; n 5 10; p 5 0.02). We performed the
same type of analysis from isolated inward rectifier glial cells. In
normal hippocampal slices, isolated inward rectifier cells had an
inward current of 21130 6 160 pA (at 2140 mV; n 5 12). In
contrast, isolated inward rectifier cells in post-FPI slices had an
inward current of only 2620 6 110 pA (at 2140 mV; n 5 10; p 5
0.02). Thus, an increase in membrane resistance induced by FPI
was detectable at hyperpolarized potentials.

Complex cells lose transient outward K1 current after
fluid percussion injury
CA3 complex cells are endowed with transient outward potassium
currents evoked by membrane depolarization (D’Ambrosio et al.,
1998b). Owing to its activation properties, this current transiently
activates at membrane potentials positive to 240 mV (Bordey
and Sontheimer, 1997). Thus, this current may have a role in
coupling glial cell membrane potential to pronounced changes in
extracellular K1. We compared the density of this current in
complex cells in control and post-FPI CA3.

Whole-cell recordings performed from complex cells revealed
that the transient outward current is dramatically reduced after
FPI (Fig. 5). Complex cells were voltage-clamped at a holding
potential of 270 mV. A conditioning voltage step to 280 mV (80
msec) was applied to deinactivate the transient current. When
depolarizing voltage steps were applied (in 10 mV increments), a
transient outward current that resembled the “A-type” current
(IA) was activated in glia from normal slices (Fig. 5A). When the
conditioning step was set to 240 mV, the transient outward
current was inactivated completely, and only a sustained current
was observed (Fig. 5B). Separation of the inactivating current was
obtained as difference of whole-cell currents evoked by the dein-
activating and inactivating protocols (Fig. 5C). Complex cells in
CA3 of control rats showed high density of transient outward
current (30 6 10 pA/pF at 100 mV; Fig. 5G, filled circles). In
contrast, post-FPI complex cells showed a dramatic loss of the
transient outward current (2 6 1 pA/pF at 100 mV; p , 0.02; Fig.
5G, open circles). No transient outward current was detectable
with the activation protocol (Fig. 5D) or as the difference of the
whole-cell currents evoked in presence and in absence of the
deactivating conditioning step (Fig. 5C).

Basal extracellular K1 is elevated in post-FPI slices
The data thus far show that expression of inward and transient
outward K1 currents are decreased at early time points after FPI.
To assess potential functional effects of decreasing glial K1

currents after trauma, we focused on activity in the CA3 subfield.
This region of the hippocampus was found to be predominantly
endowed with complex and inward rectifier cells (D’Ambrosio et
al., 1998b). We first measured the K1-activity in CA3 strata

radiatum and pyramidale (Fig. 6). The KSM was positioned just
above the tissue, and the electrometer was set to a reference
potential reflecting the level of K1 in the bath. The electrode was
then gently inserted into the tissue at a depth of ;150 mm, and
after 1 min, it was repositioned into the bathing solution above

Figure 5. Complex glial cells lose K 1 transient outward currents after
midline FPI. Complex cells are endowed with depolarization-induced
transient outward currents that can be induced by voltage commands
consisting of a conditioning step to 280 mV (holding potential, 270 mV)
followed by depolarization in 10 mV increments ( A). When the condi-
tioning step was to 240 mV, the transient outward current was inacti-
vated, and only a delayed rectifier current was observed (B). C, Current
computed as difference between protocol A and B. The dashed line
represents the time where the current is measured and plotted in G.
Post-FPI complex cells showed a dramatic loss of the transient outward
current (D, E), and no current is detectable as difference ( F). G, Rela-
tionship between the peak evoked current density (dashed line) in normal
and post-FPI complex cells at membrane potentials from 280 to 1100
mV. The extrapolated reversal potential was 289.7 mV, which is near the
predicted reversal potential for K 1 currents (288.7 mV). Asterisks rep-
resent statistical significance at p , 0.02.
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the slice. For every slice, the subregions CA3a, CA3b, and CA3c
were tested. In control slices, little or no changes in the reading of
the electrometer were observed (Fig. 6A). When the same pro-
cedure was performed in post-FPI slices, positive DC shifts of the
potential were detected, suggesting increased basal K1 activity
(Fig. 6B). The DC shifts in the potential recorded were 20.08 6
0.06 mV in control (n 5 12), and 2.06 6 0.2 mV in post-FPI slices
(n 5 9; p , 0.01; Fig. 6C). The corresponding basal [K1]out was
4.34 6 0.01 mM in control slices, and 4.78 6 0.05 mM in post-FPI
slices (Fig. 6D). No differences in basal [K1]out were found within
CA3 subregions in the same slice.

Accumulation of extracellular K1 during neuronal
activity is abnormal in post-FPI slices
To examine the dynamics of extracellular K1 accumulation in
control and post-FPI slices, field potentials and extracellular K1

activity were recorded during neuronal stimulation. Schaffer col-
laterals (SC) were stimulated for 4 min at 1 Hz to antidromically
activate CA3 pyramidal cells. A low impedance field electrode
and a KSM were placed in CA3 stratum radiatum to record
activity in response of stimulation (Fig. 7).

Control slices (Fig. 7, filled circles) had a basal [K1]out of 4.34 6
0.01 mM, similar to that of bathing aCSF. Antidromic stimulation
(1 Hz for 4 min) induced a transient elevation of [K1]out to ;5
mM; recovered to baseline values within the fourth minute of
stimulation (n 5 4). During the following stimulation at 0.05 Hz,
[K1]out transiently decreased to ;4 mM, and then recovered to
baseline. Post-FPI slices (open circles) showed an elevated basal

Figure 6. CA3 basal [K 1]out is elevated after midline FPI. K 1 activity
recording in CA3 strata radiatum and pyramidale. The KSM was posi-
tioned just above the tissue, and the potential read was zeroed. The
electrode was then gently inserted at a depth of ;150 mm. A, In control
slices, we observed either little or no DC shifts of the potential corre-
sponding to little or no changes of potassium activity in the extracellular
space of the slices. Top and bottom panels correspond to two experiments
from two different slices. B, In post-FPI slices, the insertion of the
electrode always elicited positive DC shifts, corresponding to increase of
K 1 activity. Top and bottom panels correspond to two experiments from
two different post-FPI slices. C, The DC shifts in potential recorded were
20.08 6 0.06 mV in control (n 5 12) and 2.06 6 0.2 mV in post-FPI slices
(n 5 9; p , 0.01). D, The corresponding basal [K 1]out was 4.34 6 0.01 mM
in control slices and 4.78 6 0.05 mM in post-FPI slices. Black and white
bars represent duration of electrode insertion and extraction, respectively.

Figure 7. Neuronal stimulation induces abnormal accumulation of ex-
tracellular K 1 and burst discharge in post-FPI slices. Field electrode and
KSM were placed in CA3 stratum radiatum. Stimulating electrode was
placed in CA2 stratum radiatum. K 1 activity recordings were performed
during 0.05 and 1 Hz antidromic stimulation. A, Control slices ( filled
circles) had a basal [K 1]out similar to that of bathing aCSF. Antidromic
stimulation at 1 Hz for 4 min induced a transient elevation of [K 1]out to
;5 mM and its recovery toward baseline values within the fourth minute.
During the following 0.05 Hz, [K 1]out transiently decreased to ;4 mM
and then recovered. Post-FPI slices (empty circles) had elevated basal
[K 1]out during stimulation at 0.05 Hz. When the high-frequency stimu-
lation was performed [K 1]out transiently increased to 5.4 mM and then
decreased to 5 6 0.05 mM without reaching the baseline value (asterisk;
p , 0.001). During the following 0.05 Hz, [K 1]out transiently decreased to
;4.7 mM. B, Post-FPI CA3 develops frequency-dependent afterdischarges
for antidromic stimulation. In control, only a small fraction of slices
developed afterdischarges during antidromic 1 Hz stimulation (28%; 2 of
7 slices). Post-FPI slices showed a higher excitability. They did not show
afterdischarges during 0.05 Hz stimulation, but afterdischarges appeared
during 1 Hz stimulation (80%; 8 of 10 slices). Two traces obtained at the
end of a minute of 1 Hz-stimulation are showed overlapped.
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[K1]out during the initial stimulation at 0.05 Hz (4.78 6 0.08 mM;
n 5 4). When the 1 Hz stimulation protocol was applied, [K1]out

transiently increased to ;5.4 mM and then declined to 5 mM (5 6
0.05 mM) without reaching its original pre-1 Hz baseline value
( p , 0.001). During the subsequent stimulation at 0.05 Hz,
[K1]out transiently decreased to ;4.7 mM and then recovered to
the original baseline.

These results suggest that the mechanisms responsible for
extracellular K1 homeostasis are impaired after traumatic injury.
Consistent with that view, we observed that a higher percentage
of post-FPI slices developed burst discharges during the 1 Hz
stimulation protocol (Fig. 7B). Only a small fraction of control
slices exhibited hyperexcitable discharges during antidromic 1 Hz

stimulation (28%; two of seven slices), but 80% of post-FPI slices
(8 of 10 slices) showed such activity.

The abnormal extracellular K1 homeostasis is caused
by post-traumatic glial impairment
The enhanced accumulation of extracellular K1 during 1 Hz
stimulation in post-FPI slices could have been caused either by
exaggerated release of K1 from abnormally hyperactive post-
traumatic neurons, to a decreased uptake of K1 by glia, or to a
cooperation of both mechanisms. To resolve this issue, we carried
out the same stimulation protocol but in the presence of the
ionotropic glutamatergic receptor antagonist kynurenic acid to
block excitatory synaptic drive in CA3 pyramidal cells (Fig. 8).

Figure 8. Abnormal accumulation of extracellular potassium is caused by impaired glial homeostasis. Field electrode and KSM were placed in CA3
stratum pyramidale. Stimulating electrode was placed in CA2 stratum radiatum (A, bottom drawing). Baseline values were obtained at 0.05 Hz
stimulation. Bath application of kynurenic acid (1 mM) abolished recurrent spikes (A, top traces; asterisk, artifact of the stimulus). Experiments were
performed with bath application of kynurenic acid (1 mM) and ZD 7288 (10 mM), and only slices that had stable population spike and [K 1]out were used.
B, In control slices, 3 Hz antidromic stimulation induced the rise of [K 1]out that peaked at 4.9 6 0.1 mM. At the end of the 5 min period [K 1]out was
4.5 6 0.05 mM. In the following 5 min of stimulation at 0.05 Hz, [K 1]out reached the value of at 3.9 6 0.1 mM (n 5 3). C, Cs 1 (1 mM) added to the control
bath solution increased baseline [K 1]out to 4.9 mM. Three hertz antidromic stimulation induced the rise of [K 1]out to 5.2 6 0.1 mM. At the end of the
5 min period [K 1]out was still 5.2 6 0.1 mM. In the following 5 min of stimulation at 0.05 Hz, [K 1]out reached the minimum value of 4.7 6 0.05 mM (n 5
3). D, In post-FPI slices, 3 Hz antidromic stimulation induced the rise of [K 1]out that peaked at 5.2 6 0.1 mM. At the end of the 5 min period [K 1]out
was 5.1 6 0.1 mM. In the following 5 min of stimulation at 0.05 Hz, [K 1]out reached the value of at 4.7 6 0.05 mM (n 5 3).
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Blockade of glutamatergic synapses with kynurenic acid (1 mM)
blocked synaptic excitation in CA3 via axon collaterals (Fig. 8A)
and abolished the activation of feedback interneurons (the activ-
ity of which could also be altered after FPI). Under these condi-
tions, none of the slices bathed in kynurenic acid (control and
FPI) developed burst discharges when SC were stimulated at
frequencies ranging from 0.05 to 3 Hz, for 4–15 min. We then
applied Cs1 (1 mM) to control slices to block the influx of K1 into
glia (Janigro et al., 1997; McKhann et al., 1997; D’Ambrosio et
al., 1998). Because bath application of Cs1 also blocks neuronal
h-type currents (Halliwell and Adams, 1982) and modifies neu-
ronal excitability (Maccaferri et al., 1993; Maccaferri and
McBain, 1996; Janigro et al., 1997), these experiments were
performed in the presence of the selective blocker of h-type
currents ZD 7288 (10 mM; BoSmith et al., 1993; Gasparini et al.,
1996; Gasparini and DiFrancesco, 1997). The application of this
selective blocker prevented the effect of Cs1 on Ih, which would
confound the effect of Cs1 on glial inward currents, without
substantially modifying the profile of K1 accumulation in the
extracellular space.

For this set of experiments, field recordings were paired to
concomitant extracellular K1 activity recordings in CA3 stratum
pyramidale. Baseline values of [K1]out and of the population
spike amplitude were recorded for 5 min during SC stimulation at
0.05 Hz. In slices that had stable population spike and extracel-
lular K1 activity for at least 5 min, we then antidromically
activated CA3 with SC stimulation at 3 Hz for 5 min. In control
slices, this protocol induced a transient increase of [K1]out that
peaked at 4.9 6 0.2 mM and recovered to 4.5 6 0.1 mM (n 5 3) at
the end of the 5 min period. In the ensuing 5 min of stimulation
at 0.05 Hz, there was an undershoot of [K1]out of 0.45 6 0.05 mM,
reaching the value of 3.9 6 0.1 mM (Fig. 8B). After a 30 min
recovery period, 1 mM Cs1 was added to the bathing solution
containing ZD 7288 and kynurenic acid. Ten minutes of Cs1

perfusion established a new baseline of [K1]out at 4.9 6 0.1 mM.
Five minutes of 3 Hz antidromic activation under these condi-
tions induced a persistent increase of [K1]out (5.2 6 0.1 mM). At
the end of the 5 min period, [K1]out was consistently elevated
(5.2 6 0.1 mM; n 5 3). In the following 5 min of stimulation at
0.05 Hz, an undershoot of [K1]out of 0.2 6 0.05 mM (significantly
smaller than that observed in absence of Cs1; p , 0.01) occurred
to a value of 4.7 6 0.05 mM (Fig. 8C).

These same experiments were performed in slices obtained
from post-FPI animals. As in control slices, bath application of
ZD 7288 and kynurenic acid prevented the appearance of after-
discharges. Five minutes of 3 Hz CA3 antidromic stimulation
induced an increase of [K1]out that peaked at 5.2 6 0.1 mM and
did not recover toward baseline values (similar to control slices
bathed in 1 mM Cs1; Fig. 7). At the end of the 5 min period,
[K1]out was 5.1 6 0.1 mM (n 5 3). The following 5 min of
stimulation at 0.05 Hz we observed an undershoot of [K1]out of
0.15 6 0.05 mM that was significantly smaller than that observed
in control ( p , 0.01) and comparable to that in Cs1-treated
slices ( p 5 0.6). The undershoot reached a [K1]out of 4.7 6 0.05
mM (Fig. 8D). Neuronal activity was monitored throughout the
experiment, and no abnormal synchronous firing was observed.
These results suggest that abnormal accumulation of extracellular
potassium during sustained neuronal firing occurs even in the
absence of enhanced released of K1 from post-traumatic hyper-
active neurons.

DISCUSSION
To our knowledge this is the first report demonstrating impair-
ment of glial potassium homeostasis in post-traumatic hippocam-
pus. The present study takes advantage of a clinically relevant in
vivo model of TBI (Dixon et al., 1987), combined with the study
in acutely isolated hippocampal slices. This approach allows us to
study at the single-cell level the events accompanying the patho-
logical progression of TBI in vivo. We have asked whether post-
traumatic electrophysiological changes in hippocampal glia can
promote abnormal neuronal function and have focused on the
CA3 subregion of the hippocampus for our analysis. FPI induces
reactive gliosis in this hippocampal region, as well as significant
electrophysiological changes in CA3 glia. Trauma was associated
with loss of inwardly rectifying and transient outward potassium
currents. Furthermore, post-FPI slices exhibited elevated baseline
[K1]out and altered neuronal activity-induced extracellular K1

accumulation; the latter did not appear to be caused by enhanced
K1 release from neurons. The results suggest that post-FPI glia in
CA3 have impaired uptake of potassium. These findings parallel
numerous reports describing post-traumatic neuronal remodeling
leading to hyperecitability and present a new non-neuronal pro-
cess that can contribute to post-traumatic changes in neuronal
function.

Properties of post-FPI hippocampal glia
Despite the loss of inwardly rectifying K1 current in post-
traumatic glia, their RMPs did not differ significantly from con-
trol values. This result is consistent with our previous finding in
normal tissue, that there were no differences in RMPs among the
three types of glia differently endowed with Cs1-sensitive in-
wardly rectifying K1 currents (D’Ambrosio et al., 1998b). At
least two possibilities exist: (1) post-FPI glia express Cs1-
insensitive conductance regulating RMP; or (2) the Cs1-
sensitive inwardly rectifying channels do not contribute signifi-
cantly to the RMP recorded at the cell soma because they are
located in the fine distal processes. Although reactive glia have
been associated with depolarized RMPs (MacFarlane and
Sontheimer, 1997; Bordey and Sontheimer, 1998), Burnard et al.
(1990) found unaltered RMPs in reactive glia in hippocampal
slices from kainic acid-treated rats. Further experiments are thus
required to clarify this issue.

No changes in RIN measured around RMP were observed in
post-FPI reactive glia. This may depend on the distal sites of the
inwardly rectifying channels that cannot be probed by the proto-
col used to test RIN. Indeed, because of poor space-clamp asso-
ciated with recordings from cells with highly intricate morphol-
ogy, voltage steps of 65 mV applied to the glial cell soma are not
likely to influence the membrane potential of fine distal processes
where the channels are likely to be predominantly located (Mi et
al., 1996). That changes in membrane conductance occur after
lesion was confirmed when the cell soma was voltage-clamped at
significantly more negative potentials.

There was a dramatic decrease in membrane capacitance of
complex cells after FPI. Interestingly, all complex cells showed
oligodendrocyte-like morphology at the light microscope level.
Since these cells showed no cell-to-cell coupling even in normal
tissue (D’Ambrosio et al., 1998b), we interpret the loss of capac-
itance not as a result of uncoupling, but rather as a disruption of
cell processes. This disruption may have consequences on the K1

homeostasis in the region of the axons ensheathed by those
oligodendroglia, modifying axonal excitability and conduction.
Indeed, it has been suggested that oligodendroglia and Schwann
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cells are capable of passive K1-uptake through ion channels in
corpus callosum and spinal cord (Chvátal et al., 1997, 1998), and
at peripheral nodes of Ranvier (Mi et al., 1996).

After FPI, complex and inward rectifier cells experienced a loss
of Cs1-sensitive inwardly rectifying K1 currents (Figs. 3, 4). This
finding is consistent with previous report by others showing loss
of inward K1 currents in reactive glia from human epileptic foci
(Bordey and Sontheimer, 1998) or in an in vitro model of injury-
induced reactive gliosis (MacFarlane and Sontheimer, 1997). The
inward rectifier K1 current provides an efficient passive mecha-
nism for buffering extracellular K1 (Newman, 1984, 1995) and
contributes to K1 influx into hippocampal glia in situ (D’Ambrosio
et al., 1998b). In addition to loss of inward K1 currents, complex
cells had a dramatic loss of transient outward currents; because this
current is activated by depolarizations, it could contribute to RMP
maintenance after changes in extracellular K1 and thus be in-
volved in K1 homeostasis (Chvátal et al., 1997, 1998).

The observation of post-traumatic changes of glial K1 conduc-
tances that are active at RMP have led us to conclude that
post-traumatic glia have impaired passive uptake of K1 through
ion channels. This impairment would occur whether K1 buffering
is accomplished by the spatial buffer mechanism or by passive
influx of KCl through ion channels (Newman, 1995).

Abnormal extracellular K1 accumulation occurs in
post-FPI hippocampus
Because glial K1 channels are involved in ion homeostasis, one
would predict that post-FPI-mediated loss of K1 conductances
would have functional effects similar to drug-mediated blockade
of these conductances in normal slices. Because Cs1 treatment
blocks those channels and leads to an alteration in [K1]out regu-
lation and neuronal excitability, we investigated these features in
post-FPI slices.

Whereas in CA3, control slices exhibited baseline [K1]out

equivalent to the [K1] in medium bathing the tissue, post-FPI
CA3 had a baseline [K1]out that was ;0.5 mM higher. Albeit
small, this difference is significant and can affect hippocampal
function. In fact, it has been shown that CA3 pyramidal cell firing
is exquisitely sensitive to small changes of [K1]out (Jensen et al.,
1994). Furthermore, our measure is likely to be an underestimate
of the actual increase in baseline [K1]out occurring in vivo after
FPI because removal of K1 is facilitated by bath flow in the
hippocampal slice in vitro.

We chose to study the efficacy of [K1]out regulation during
neuronal activity by antidromically activating CA3 pyramidal
cells. This approach bypassed the likely involvement of the hilar
neuronal network that is affected by FPI (Lowenstein et al., 1992;
Grady et al., 1996). In control slices, 1 Hz stimulation induced a
transient increase of [K1]out that returned to baseline toward the
end of the 4-min-long stimulation protocol. However, in post-FPI
slices, [K1]out did not return to baseline during this time period,
exhibiting a much longer time course recovery. These post-FPI
slices were also more prone to burst discharge generation than
control slices during this stimulation protocol, suggesting that
CA3 pyramidal cell excitability is abnormal at a time when
regulation of baseline [K1]out, and of neuronal-activity-induced
K1 accumulation, is impaired. In a previous study, we found that
post-FPI CA1 pyramidal cells are hypoexcitable when ortho-
dromically stimulated. We assessed this change in excitability as
higher stimulating currents required to evoke the postsynaptic
field EPSP and population spike response (D’Ambrosio et al.,
1998a). We didn’t perform similar experiments in the present

study because we were interested in the generation of burst
discharges after purely antidromic population spikes, and anti-
dromic stimulation was performed to avoid confounding effects of
post-traumatic changes in synaptic transduction.

Abnormal accumulation of extracellular K1 is caused
by impaired glial K1 homeostasis
However, the above mentioned experiment does not directly
address the question whether the glial impairment is contributing
to the abnormal neuronal stimulation-induced extracellular K1

accumulation. Indeed, both enhanced neuronal firing and abnor-
mal glial function could result in greater amounts of K1 accu-
mulated in the extracellular compartment. A dissociation be-
tween the neuronal and the glial contribution is difficult to
establish, and has therefore delayed our understanding of the role
of glia in [K1]out regulation. Almost 30 years ago, Pollen and
Trachtenberg (1970) hypothesized a critical role for reactive glia
in abnormal neuronal function through impairment of K1 ho-
meostasis. However, without control of neuronal excitability, the
central role of glia malfunction could not be determined
(Glötzner, 1973; Pedley et al., 1976; Lewis et al., 1977).

We investigated this issue by taking advantage of pharmaco-
logical manipulations allowed by the hippocampal slice prepara-
tion. CA3 recurrent synaptic excitation was abolished by bath
application of kynurenic acid (1 mM), thus preventing burst dis-
charges in all slices (whether obtained from control rats or from
post-FPI rats). Using a combination of the Ih-selective blocker
ZD 7288 (BoSmith et al., 1993; Gasparini et al., 1996; Gasparini
and DiFrancesco 1997) and Cs1, we selectively targeted the
influx of K1 through glial ion channels. Furthermore, potassium
currents through ion channels cannot be inward in neurons be-
cause the average neuronal RMP (approximately 260 mV) is
much more depolarized than EK (approximately 290 mV) (Hille,
1993). Under these experimental conditions in normal slices (i.e.,
in the presence of Cs1) baseline [K1]out increased to 4.9 mM,
similar to baseline values after FPI. During 3 Hz stimulation,
potassium levels peaked at 5.2 mM and did not return to baseline
values (and there was almost no undershoot when the 0.05 Hz
stimulation was restored), again, similar to the K1 response in
post-FPI slices. Thus, extracellular Cs1 in normal slices repro-
duced the impairment of K1 regulation observed in post-FPI
slices, under a condition in which network excitability in neurons
was not a contributing factor.

Conclusions and implications
It has been long suspected that reactive glia may have improper
K1-buffering capabilities (Pollen and Trachtenberg, 1970), and it
has been observed that glial reactivity is accompanied by loss of
inward K1 current (Francke et al., 1997; MacFarlane and
Sontheimer, 1997; Bordey and Sontheimer, 1998). However, the
question of whether reactive glia in general, and post-traumatic
glia in particular, are capable of adequate ion homeostasis has not
been directly addressed. We have now shown that 2 d after FPI
neuronal function is altered, and that the resultant hyperexcit-
ability is caused by an impairment of K1 homeostasis that follows
the loss of glial K1 conductances. This finding may be relevant to
an understanding of learning and memory impairments, or sei-
zure susceptibility, that can follow TBI. In fact, each of these
neurological deficits can be caused by altered CA3 pyramidal cell
excitability (Traynelis and Dingledine, 1988; Thompson, 1991;
Hetherington and Shapiro, 1997). Our results provide evidence of
the functional consequence of the loss of K1 inwardly rectifying
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currents in reactive glia and add an additional level of complexity
to the interplay of mechanisms that are involved in the develop-
ment of neurological disorders after TBI.
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