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Abstract

Traumatic brain injuries (TBI) lead to dramatic changes in the surviving brain tissue. Altered ion concentrations, coupled

with changes in the expression of membrane-spanning proteins, create a post-TBI brain state that can lead to further

neuronal loss caused by secondary excitotoxicity. Several GABA receptor agonists have been tested in the search for

neuroprotection immediately after an injury, with paradoxical results. These drugs not only fail to offer neuroprotection,

but can also slow down functional recovery after TBI. Here, using computational modeling, we provide a biophysical

hypothesis to explain these observations. We show that the accumulation of intracellular chloride ions caused by a

transient upregulation of Na+-K+-2Cl- (NKCC1) co-transporters as observed following TBI, causes GABA receptor

agonists to lead to excitation and depolarization block, rather than the expected hyperpolarization. The likelihood of

prolonged, excitotoxic depolarization block is further exacerbated by the extremely high levels of extracellular potassium

seen after TBI. Our modeling results predict that the neuroprotective efficacy of GABA receptor agonists can be sub-

stantially enhanced when they are combined with NKCC1 co-transporter inhibitors. This suggests a rational, biophysically

principled method for identifying drug combinations for neuroprotection after TBI.
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Introduction

The concentration of ions inside and outside neurons varies

considerably across brain states.1–4 The ratio of extracellular

to intracellular ion concentrations determines the reversal potential

of a given ion species (Eion;5–7). Changes in this ratio alter neuronal

excitability and can have a significant impact on the oscillatory

states that a neural circuit is capable of producing, as well as on the

computations it can perform.4,8–11 Behaviorally important exam-

ples include the rapid changes in practically all relevant ions during

transitions between sleep and wake states,2 and the long-term de-

creases in intracellular chloride concentrations ([Cl-]i) seen over the

initial stages of normal development.12–16

The blood–brain barrier has numerous specializations to keep

the concentration of ions in the extracellular space within certain

physiological bounds.17 However, large changes in the concentra-

tions of key ions are often seen in many neurological disorders.

Epileptic seizures are accompanied by a two-to fourfold increase

in extracellular potassium concentration ([K+]o;1,18–20). By moving

the reversal potential of potassium (EK) and the resting potential

closer to the threshold for action potentials, this dramatic increase

in [K+]o makes cells even more excitable, further exacerbating the

runaway excitation seen during most types of seizures.21

Traumatic brain injuries (TBI) also lead to dramatic increases in

[K+]o,
22–27 and these increases can often far exceed even those seen

during seizures.1,18–20 Such massive increases in [K+]o can lead to

cells entering depolarization block (DB),28–31 a biophysical state

characterized by the buildup of sodium channel inactivation. This

leads to an inability of the cell to fire subsequent action potentials until

and unless it is first hyperpolarized enough to de-inactivate some of

the sodium channels.32 The electrical silencing of neuronal activity

caused by depolarization block is sometimes reflected as spreading

depression across injured brain regions.33,34 Such prolonged depo-

larization can exacerbate the secondary injury cascade induced by

injury and hypoxia,33,35,36 and greatly increases the chances of cell

death.36–39 Drugs that hyperpolarize neurons can suppress spreading

depression40,41 and potentially offer neuroprotective benefits if de-

livered immediately following an injury. However, a variety of GA-

BAA receptor agonists have proven to be ineffective in TBI, and can

often exacerbate TBI-related symptoms.42–50

Here, we use biophysical modeling to try to understand why

GABAA receptor agonists are not effective in treating TBI, and to
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suggest biophysically principled drug combinations51 that may

offer greater neuroprotection. TBI causes unique changes in the

expression of chloride transporters: transient upregulation of Na+-

K+-2Cl- (NKCC1) co-transporters52–56 and/or transient down-

regulation of KCC2 co-transporters is seen immediately after the

injury.54,57 These transient changes in the expression of NKCC1

after an injury can lead to increases in the concentration of intracel-

lular chloride, depolarizing the reversal potential for chloride.54,57,58

The net effect of these changes makes GABA, a typically inhibitory

neurotransmitter, excitatory, potentially explaining why GABAA re-

ceptor agonists are ineffective in TBI. With our model, we show that,

in TBI, GABAA receptor agonists alone do not rescue neurons from

depolarization block. This means that neurons in the secondary injury

site continue to remain in an excitotoxic state even in the presence of

GABAA receptor agonists. However, we show that that a combination

of GABAA receptor agonists and NKCC1 co-transporter blockers

may confer large neuroprotective benefits, and suggests a path to-

ward a biophysically rational selection of combination drug therapies

in TBI.

Methods

Model motivation

Our primary goals for this study were to mechanistically un-
derstand why GABAA receptor agonists are not effective in treating
TBI, and to test the efficacy of physiologically motivated drug
combinations for neuroprotection. For this purpose, we built a
Hodgkin–Huxley59 based compartmental model of a regular spik-
ing (RS) neuron60 based on realistic and known physiology. Spe-
cifically, we chose to model a prototypical RS pyramidal neuron,
given its abundance and critical involvement in both the normal and
pathological function of neocortical circuits.61–63 The properties of
the model will be described in detail subsequently.

RS neuron model

Morphology and passive properties. Based on the mor-
phology of a prototypical neocortical pyramidal cell,64 we constructed
a multi-compartmental model with one somatic compartment and
seven dendritic compartments. Our model has a specific membrane
resistance of 25 kOcm2 and a specific membrane capacitance of
1 lF/cm2 resulting in a membrane time constant of 25 ms.65 The
model’s input resistance is 399 MO, closely matching the input re-
sistance of neocortical pyramidal neurons.65 The model has a resting
membrane potential of -71.87 mV.64,66 The model was simulated at a
temperature of 30�C. To scale the temperature dependence of time
constants, we used a q10 value of 3.67

Active properties. The model consists of two ionic currents:
fast sodium current and delayed rectifier potassium current. The
channel kinetics and properties of these two currents will be
described in detail subsequently. The model has a spike width of
1.03 ms68 and a threshold of -42.32 mV.66,69 Spike threshold was
calculated as the membrane potential when dv

dt
crosses 10 V/s for the

first time in the positive direction.70

Fast sodium current. RS neurons exhibit fast sodium cur-
rents that are necessary for action potential generation.71 The fast
sodium current was modeled based on the Hodgkin–Huxley for-
malism59 and consists of three activation gates and a single inac-
tivation gate. This channel was distributed in both the somatic and
dendritic compartments. Utilizing experimental data from a pre-
vious study,71 we modeled these fast sodium currents based on
sodium channel gating properties commonly found in RS neurons.
The maximal channel conductance (gmax) of the channel is shown in

Table 1. The equations for voltage dependence of steady state ac-
tivation/inactivation (m1, h1) their respective time constants
(sm, sh) and channel currents (INa) are provided here.

m1 ¼
1

1þ exp � v� h m
r m

� �� �� � (1)

h1 ¼
1

1þ exp � v� h h
r h

� �� �� � (2)

sm¼
  

0:022þ 3:6�
1þ exp

�
vþ 27:9ð Þ

7:6

��
!

·

 
0:009þ 1:9�

1þ exp
�� v� 1:3ð Þ

12:7

��
!!

(3)

sh¼ 0:31þ 14

1þ exp
vþ 60ð Þ

12

� �� �
0
@

1
A (4)

where hm¼ � 22:8 mV , rm¼ 11:8 mV , hh¼ � 62:9 mV , rh¼
� 10:7 mV .

INa¼ gmax · m3 · h · Vm�ENað Þ (5)

Delayed rectifier potassium current. RS neurons of the
neocortex and the hippocampus express delayed rectifier potassium
currents,72–76 which are known to significantly contribute to action
potential repolarization.72,76 The delayed rectifier potassium
channel was modeled based on Hodgkin–Huxley formalism 59 and
has two activation gates.77 Similarly to the sodium channel, the
delayed rectifier potassium channel was distributed in both the
somatic and dendritic compartments. By using data from a previous
experimental study on pyramidal neurons,72 we modeled the po-
tassium current by simulating the voltage dependence of steady
state activation and time constant. The equations for voltage de-
pendence of steady state activation n1ð Þ, its time constant (sn),
and channel currents (IK) are provided here.

n1 ¼
1

1þ exp � v� h n
r n

� �� �� � (6)

sn¼
  

0:087þ 17:4�
1þ exp

�
vþ 3:6ð Þ

9:6

��
!

·

 
0:087þ 25:4�

1þ exp
�� v� 1:3ð Þ

18:7

��
!!

(7)

where hn¼ � 20 mV , rn¼ 10:4 mV

IK ¼ gmax · n · n · Vm�EKð Þ (8)

Background inputs

RS neurons are known to receive phasic excitatory, phasic in-
hibitory, and tonic inhibitory background inputs in vivo.78–80

Taking these aspects of the circuit into account, we modeled these
inputs in the following way: 30 phasic excitatory (AMPA) inputs
were modeled with a firing rate of 1 Hz to mimic the background
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firing rate of pyramidal neurons in vivo.81–83 The time course of
AMPAergic synaptic conductance was modeled using the follow-
ing equation84,85:

G tð Þ¼ gmax · N · exp
� t

sd

� �
� exp

� t

sr

� �� 	
(9)

where sd and sr are decay and rise time constants respectively, and

gmax is the maximal synaptic conductance. N is a normalization

factor that makes maximum of G tð Þ equal to gmax. The values of sr

and sd were 0.9 ms and 5.1 ms respectively, based on AMPAergic

currents from pyramidal neurons of the rat prefrontal cortex.78 gmax

for phasic excitatory inputs was set to a value of 200 pS.
Two hundred phasic inhibitory inputs were modeled using

Equation (9). The firing frequency of phasic inhibitory input was set
to 5 Hz.86 These inputs had a rise time constant of 0.88 ms and a
decay time constant of 9.4 ms, which were taken from inhibitory
post-synaptic current (IPSC) recordings of pyramidal neurons of
the rat visual cortex.79 Phasic inhibitory inputs were modeled with a
gmax of 600 pS, threefold greater than that of phasic excitatory in-
puts, closely replicating the excitatory-IPSC ratio of layer 2/3 py-
ramidal neurons.87

Tonic inhibitory background inputs were modeled with a con-
ductance value of 350 pS 80,88 using the following equation89:

Itonic¼ gtonic · Vm�EClð Þ (10)

where Itonic is the tonic inhibitory current, gtonic is the tonic inhib-

itory conductance, and ECl is the chloride reversal potential.

Modeling of increase in extracellular potassium
and intracellular chloride

TBI is characterized by increases in the concentration of both
extracellular potassium and intracellular chloride.22,57,58 The effect
of changes in the concentration of these ionic species on the
excitability of the neuron were modeled using the Nernst and
Goldman equations.5–7,84 Increase in extracellular potassium af-
fects the Nernst potential of potassium ions as well as the resting
membrane potential. The effect of extracellular potassium increase

on the potassium reversal potential was modeled according to the
following equation5–7,84:

EK ¼
R · T

Z · F
· ln

K þ½ �o
K þ½ �in

� �
(11)

where R is the gas constant (8.314 J K-1 mol-1), T is the temperature

in Kelvin, F is Faraday’s constant (96485 C mol-1), Z is the valence

of the ion, K þ½ �o is the extracellular potassium concentration,

K þ½ �in is the intracellular potassium concentration, and EK is the

reversal potential of potassium.
The effect of increase in extracellular potassium on the resting

membrane potential was modeled according to the Goldman
equation84,90:

El¼
R · T

F
· ln

pk: K þ½ �oþ pNa: Naþ½ �oþ pCl: Cl�½ �in
pk: K þ½ �inþ pNa: Naþ½ �inþ pCl: Cl�½ �o

� �
(12)

where pk, pNa and pCl are the relative permeability of potassium,

sodium, and chloride ions respectively (1 : 0.04 : 0.45).90 Naþ½ �o
and Cl�½ �o are the extracellular sodium and chloride ion concen-

tration respectively, and El is the leak reversal potential. Naþ½ �in
and Cl�½ �in are the intracellular sodium and chloride ion con-

centration respectively. Extracellular and intracellular concentration

of various ions at resting conditions are given as follows: K þ½ �0o¼
3:5 mM, K þ½ �0in¼ 140 mM, Naþ½ �0o¼ 140 mM, Naþ½ �0in¼ 20 mM,

Cl�½ �0o¼ 110 mM, Cl�½ �0in¼ 6 mM. R, T, Z, and F follow the same

schema as described previously.
Increases in the concentration of intracellular chloride ions

affect the reversal potential of chloride through the following
equation:

ECl¼
R · T

Z · F
· ln

Cl�½ �o
Cl�½ �in

� �
(13)

where ECl is the reversal potential of chloride ions. Cl�½ �o, Cl�½ �in,

R, T, Z, and F follow the same schema as listed previously.

Increases in intracellular chloride also affects the resting membrane

potential as shown in Equation (12).

Modeling of drug conditions

In this study, we tested the efficacy of GABAA receptor agonists
alone and in combination with an NKCC1 co-transporter blocker to
determine if these drugs can rescue the RS neuron model from
depolarization block. GABAA receptor agonists were modeled as
twofold increases in the maximal synaptic conductance of phasic
inhibitory inputs based on experiments that show that a GABAA

agonist increases phasic inhibitory single channel conductance by
two- to sevenfold.91

NKCC1 co-transporter blocker was modeled as a 95% decrease
in the elevated levels of intracellular chloride according to the
following equation:

Cl�½ �in¼ Cl�½ �in� Cl�½ �in� Cl�½ �0in
� �

· percentage decrease
� �

(14)

where Cl�½ �in is the concentration of intracellular chloride, Cl�½ �0in is

the initial concentration of intracellular chloride (6 mM), and the

value of percentage decrease is 0.95. All simulations were run using a

range of these parameters, with no change in the qualitative results.
We also probed the mechanisms behind the neuroprotective

efficacy of inverse agonists of GABAA receptors in cerebral is-
chemia.92 GABAA receptor inverse agonist was modeled as an 80%

Table 1. List of Parameters Used in the Model

Parameter description

Somatic
compartment

Dendritic
compartments

Specific membrane resistance
(kOcm2)

25 25

Specific membrane
capacitance (lF/cm2)

1 1

Membrane time constant (ms) 25 25
Axial resistivity (O-cm) 200 200
Fast sodium current gmax

(S/cm2)
0.45 0.1125

Delayed rectifier potassium
current (S/cm2)

0.1 0.03

K þ½ �0o (mM) 3.5 3.5

K þ½ �0in (mM) 140 140

Naþ½ �0o (mM) 140 140

Naþ½ �0in (mM) 20 20

Cl�½ �0o (mM) 110 110

Cl�½ �0in (mM) 6 6
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reduction in the maximal synaptic conductance of phasic GA-
BAergic inputs.93

Modeling of bicarbonate dependent
GABAA conductance

We separately modeled the ionic mechanisms responsible for
activity dependent membrane depolarization mediated by GA-
BAergic activity.94 The GABAA current in these simulations was
modeled using the following equations95:

IGABA¼ 1�Pð Þ· IClþP · IHCO3
(15)

ICl¼G tð Þ· Vm�EClð Þ (16)

IHCO3
¼G tð Þ· Vm�EHCO3

ð Þ (17)

where ICl is the chloride ion mediated GABAergic current, IHCO3
is

the bicarbonate ion mediated GABAergic current, and ECl, EHCO3

are their respective reversal potentials. P is the relative perme-

ability of bicarbonate ion through the GABAA receptor. P was set to

a value of 0.2, consistent with published estimates.96. G tð Þ follows

the same schema as in equation (9).

Modeling of GABAergic activity induced change
in the concentration of anions

The anionic concentrations (chloride and bicarbonate) in the
intra- and extracellular compartments were updated from their re-
spective currents at each time step of the simulation.

The change in the concentration of chloride ions as a result of
GABAergic inputs and their decay back to resting values were
modeled according to the following equations.30,95 In this schema,
Cl�½ �o and Cl�½ �in were updated at each time step as follows:

d Cl�½ �o
dt

¼ � c ·
+ICl

q
þ

Cl�½ �0o � Cl�½ �o
� �

sCl

(18)

Cl�½ �in¼ Cl�½ �0in� q · Cl�½ �o� Cl�½ �0o
� �

(19)

Similarly, HCO�3

 �

o
and HCO�3


 �
in

were updated at each time step

of the simulation using the following equations:

d HCO�3

 �

o

dt
¼ � c ·

+IHCO3

q
þ

HCO�3

 �0

o
� HCO�3

 �

o

� �
sHCO3

(20)

HCO�3

 �

in
¼ HCO�3

 �0

in
� q · HCO�3


 �
o
� HCO�3

 �0

o

� �
(21)

where q is the ratio of extracellular volume to intracellular volume,

also known as the volume fraction.97 The value of q was set to

0.1429,30,40,97,98 mimicking the relative proportion of extracellular

volume (14.29% of intracellular volume) under normal conditions

when osmotic forces are non-existent. c¼ S
F · V

aids the conversion

from current units to concentration units,30 where S is the surface

area of the neuron, V is its volume, and F is the Faraday’s constant.

sCl was set to 3 s to mimic the physiological chloride ion decay to

resting levels (extrusion).95,99 Regeneration of HCO�3

 �

in
in the

simulations was facilitated by setting sHCO3
to 0.1 ms, while the

regeneration was blocked by setting sHCO3
to 10 s. Cl�½ �0o¼

160 mM and HCO�3

 �0

o
¼ 25 mM are the extracellular concentra-

tions of the respective ionic species at resting conditions.100 Similar-

ly, Cl�½ �0in¼ 6 mM and HCO�3

 �0

in
¼ 14:1 mM are the intracellular

concentrations of the respective ionic species at rest.100

The anionic reversal potentials were also updated at each time
step using the Nernst equation (Eqn [13]). Equations (18)–(21)
ensure that the total number of chloride (and bicarbonate ions)
inside and outside the neuron is conserved throughout the duration
of the simulation.30

Data analysis

All simulations were performed using the NEURON 7.5
simulation environment.101 Spike times and membrane potential
were recorded with a sampling frequency of 40,000 Hz and an-
alyzed using custom routines written in MATLAB 2017B (www.
mathworks.com).

We considered the model neuron to have entered depolariza-
tion block when the mean peak height of its spikes was < -20 mV
during a 1 sec simulation run. To determine if the model reached
our threshold of depolarization block, we injected direct current
(DC) in steps of 20 pA amplitude up to 4 nA. The minimum
current that produced spikes below -20 mV was categorized as
IDB. Other values of depolarization block thresholds (0 mV,
5 mV, 10 mV) yielded results that were qualitatively similar.
Firing rate was calculated as the number of spikes during a 1 sec
simulation run of the model. Membrane potential was calculated
by taking the median of all membrane potential data points
during a 1 sec simulation run of the model. The percentage
change in IDB of the neuron model in the presence of the drug(s)
was computed from seven different model runs according to the
following equation:

% Change in IDB¼
IDB, drug sð Þ � IDB, control

IDB, control

· 100 (22)

where IDB, drug sð Þ is the IDB of the neuron model in the presence of

the drug(s) and IDB, control is the IDB of the neuron model under drug-

free conditions. Similarly, the percentage change in the median

membrane potential of the neuron model in the presence of the

drug(s) was computed from seven different model runs according

to the following equation:

% Change in Vm¼
Vm, drug sð Þ �Vm, control

abs Vm, controlð Þ · 100 (23)

where Vm represents the median membrane potential.

Results

Depolarization block characteristics of the neocortical
RS neuron model

We first characterized the depolarization block dynamics of the

RS neuron model in response to progressively increasing current

injections. Unsurprisingly, increased current led to more depolar-

ization and increased spike rates, eventually resulting in depolar-

ization block (Fig. 1). The current that resulted in depolarization

block is easily visible in the firing frequency versus current plot (F-I

curve) as the firing rate rapidly falls to 0 at and above this value

(Fig. 1C). We define this minimal current value necessary to reach

depolarization block as IDB.
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Post-TBI ion concentrations are very likely to result
in depolarization block

The normal concentration of potassium in the interstitial space

is *3–5 mM,1,4,102,103 and normal physiological levels of chloride

inside a mature neuron are *6–10 mM (Fig. 2).58,104–107 Although

numerous homeostatic mechanisms15–17,108,109 maintain these

physiologically normal ion concentrations in the brain, large de-

viations from this range are often seen during pathological brain

states. We modeled the conditions seen in epilepsy and TBI. During

seizures, potassium levels in the interstitial space can reach values

of up to 8.5–15 mM (Fig.2).1,18–20 TBI is characterized by poten-

tially much larger changes in ion concentration, not only of ex-

tracellular potassium (reaching values as high as 50 mM),22,23 but

also of intracellular chloride levels (reaching values up to 39 mM)

(Fig.2).54,57,58 In addition, we differentiated between two subtypes

of TBI, based on the changes in extracellular potassium concen-

tration reported after mild versus severe injuries.22,23

We determined the response of the RS neuron model in the

presence of healthy and pathological ion concentrations. Figure 3

captures the firing response of the RS neuron model when exposed

to three ionic concentration regimes corresponding to normal

(Fig. 3A), epileptic (Fig. 3B), and post-TBI brain states (Fig. 3C).

The RS neuron model, which normally fired *1–2 Hz in normal

conditions (Fig. 3A), increased its mean firing rate to >9 Hz in the

presence of the high potassium levels seen during seizures

(12.5 mM; Fig. 3B). Note that this increased firing was purely the

result of the increased reversal potential of potassium caused by the

increase in its extracellular concentration, as neither synaptic inputs

nor injected current were increased. Under post-TBI-like condi-

tions, with high extracellular potassium and high intracellular

chloride, the RS neuron model entered depolarization block

(Fig. 3C). Increases in intracellular chloride led to depolarization of

the reversal potential of GABAergic inputs (Fig. S1) and this,

combined with elevated levels of extracellular potassium, accel-

erated the entry of the neuron into depolarization block in post-TBI

brain states (see online supplementary material at http://www

.liebertpub.com). We systematically altered both extracellular po-

tassium and intracellular chloride, and observed the expected in-

creases in membrane potential as a function of increase in either ion

(Fig. 3D). The firing rate of cells, however, decreased dramatically

FIG. 1. Depolarization block in the regular spiking (RS) neuron
model. (A) Membrane potential traces plotted for three values of
injected current. Note the lack of action potentials when the cell
is injected with a large 2700 pA current. (B) Median membrane
potential increases as a function of injected current, as expected.
(C) Frequency–current relationship (F–I curve) of the RS neuron
model. The minimum current injection that results in the cell
entering depolarization block (IDB) is apparent as a dramatic de-
crease in firing rate.

FIG. 2. Ionic concentration ranges for extracellular potassium
and intracellular chloride in normal, epileptic, and mild versus
severe post-traumatic brain injury (TBI) brain states. This sche-
matic is derived from values reported in the following refer-
ences.1,4,18–20,22,23,54,58,102,106
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when both extracellular potassium and intracellular chloride were

high (Fig. 3E), highlighting the concentrations that result in the

neuron entering depolarization block. Note that under all three

conditions the amount of injected current was identical, and only

the ion concentrations were altered as illustrated.

GABAA agonists, only when combined with NKCC1
co-transporter blockers, can rescue RS neurons
from depolarization block after TBI

Having established a model that captures the conditions seen in

the immediate aftermath of TBI, we next sought to understand why

GABAA receptor agonists have been unsuccessful as neuropro-

tective agents after TBI.42–46 We modeled GABAA receptor ago-

nists as leading to a twofold increase in the peak conductance of

phasic synaptic inputs91 (see the Methods section). In epileptic

conditions, GABAA receptor agonists successfully reduced the

firing rate of the neuron (from 9.2 to 2.5 Hz in the example shown in

Fig. 4A). Under post-TBI conditions, however, GABAA receptor

agonists failed to rescue the neuron from depolarization block

(Fig. 4B). This is because of the increased levels of intracellular

chloride in post-TBI conditions, triggered by the upregulation of

the NKCC1 co-transporter in TBI.52–55 The increased intracellular

chloride increases the reversal potential of chloride, making GABA

excitatory instead of inhibitory (EGABA changes from -75.9 mV to

-31.4 mV in this example). We hypothesized that depolarizing

chloride gradients can be reversed by blockers of NKCC1 co-

transporters, which would decrease intracellular chloride levels.

Indeed, we found that the application of a combination of GABAA

receptor agonists and NKCC1 co-transporter blocker was able to

rescue the model RS neuron from depolarization block (Fig. 4C).

We quantified the efficacy of the drug(s) (GABAA receptor ag-

onists with or without NKCC1 co-transporter blockers) by com-

puting the propensity of the neuron to enter depolarization block

FIG. 3. The impact of potassium and chloride ion concentrations on regular spiking (RS) neuronal firing and depolariziaton block.
(A) The membrane potential of the RS neuron model under normal physiological levels of extracellular potassium and intracellular
chloride is shown in the lower panel. The cell maintains a low firing rate, with occasional spikes driven by the stochastic synaptic inputs.
The precise values of extracellular potassium and intracellular chloride are shown in the upper panel. (B) Same as in A, but for high
extracellular potassium conditions similar to those seen during epileptic seizures. Note the increase in firing rate as a function of
increased extracellular potassium. (C) Same as in A, but for high extracellular potassium plus high intracellular chlroide conditions
similar to those seen after a traumatic brain injury. The cell first increases its firing rate, but then enters depolariziation block under these
conditions. (D) Median membrane potential of the RS neuron model as a function of both extracellular potassium and intracellular
chloride. (E) Same as in D, but for firing rate of the RS neuron model. Note the lack of firing in the upper right quadrant, corresponding
to depolariziaton block of the RS neuron under high extracellular potassium and high intracellular chloride conditions.
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under a wide range of ionic conditions spanning both epileptic and

post-TBI regimes (see the Methods section). We computed the

change in IDB of the neuron model in the presence of drug(s)

(IDB, drug(s)) compared with drug free conditions (IDB, control) (see

the Methods section). A positive % change (increase in IDB in the

presence of the drug[s]) implies a therapeutic benefit, as it means

that the neuron is less susceptible to depolarization block. A nega-

tive % change (decrease in IDB in the presence of the drug[s])

implies a pathological worsening, with the cell being even less

likely to be rescued from depolarization block. Figure 5A shows

that under the high chloride conditions typical of the post-TBI state,

GABAA agonists either had no effect or increased the propensity of

the neuron to enter depolarization block (% change in IDB < 0).

However, when combined with an NKCC1 co-transporter blocker

(Fig. 5B), GABAA agonists reduced the propensity of the neuron to

enter depolarization block (% change in IDB > 0) under the same

high chloride conditions. The same results were seen under two

pathologically high extracellular potassium conditions, reflective

of mild and severe TBI subtypes respectively (compare Fig. 5A and

B in 12.5 mM extracellular potassium with Fig. 5C and D in

18.5 mM extracellular potassium). We obtained qualitatively sim-

ilar results when the neuroprotective efficacy of drug(s) was

quantified using median membrane potential (Fig. S2), affirming

the robustness of our results (see online supplementary material at

http://www.liebertpub.com). These results suggest that a combi-

nation of GABAA receptor agonists and NKCC1 co-transporter

blockers would lead to increased hyperpolarization and enhanced

neuroprotection after a TBI.

Relative neuroprotective efficacies of GABAAR
agonists and inverse agonists in ischemic brain injury

To understand a related set of pathological observations, we next

sought to understand why diazepam (a GABAAR agonist) fails to

provide neuroprotection when administered post-ischemia,

whereas an inverse agonist of GABAA receptors is successful in

reducing post-ischemic hippocampal cell death.92 Ischemic con-

ditions are accompanied by increases in the concentration of po-

tassium110,111 and GABA112,113 in the extracellular space.

Although the effect of increased extracellular potassium is known

to result in membrane depolarization (as shown in the above sim-

ulations), we wanted to characterize the effect of increases in ex-

tracellular GABA levels on neuronal excitability. For this purpose,

we conducted simulations in which GABAARs in the model

(Fig. S3A) were subjected to strong stimulation (200 Hz input train

for 200 ms) (see online supplementary material at http://www

.liebertpub.com). This mimics the increased extracellular GABA

levels seen post-ischemia (but not seen after TBI114,115). The

GABA synapses in these simulations were modeled as a combined

chloride and bicarbonate conductance with a relative permeability

of 0.2.96 The concentration of the anions (chloride and bicarbonate)

were updated at each time step from their respective currents (see

the Methods section). EGABA was set to -72 mV and resting po-

tential was set to -68 mV, so that GABA was hyperpolarizing at

rest. Bicarbonate ionic gradients were not allowed to break down

(see the Methods section) as intracellular bicarbonate levels are

known to be tightly regulated by pH buffers.99 Under these con-

ditions, GABA elicits an initial short hyperpolarizing response

followed by a large depolarizing response (Fig. S3B), as seen in

experiments.94 This is because of the depolarization of EGABA in

the dendritic compartment (Fig. S3C) as a result of accumulation of

intracellular chloride (Fig. S3D). However, if the bicarbonate ionic

FIG. 4. Effect of GABAA receptor agonists on the response of
regular spiking (RS) neuron model in pathological brain states, in
the presence and absence of Na+-K+-2Cl- (NKCC1) co-transporter
blockers. (A) Response of the RS neuron model to GABAA re-
ceptor agonists in an epileptic brain state. The values of extra-
cellular potassium and intrcellular chloride are shown in the upper
panel. Under these epileptic conditions, GABAA receptor agonists
can still help hyperpolarize the neuron, as would be expected from
their common use as anti-epileptic drugs. (B) Same as in A, but
for a post-traumatic brain injury (TBI) brain state. The GABAA

agonist is unable to rescue the neuron from depolarizaiton block.
(C) Response of the RS neuron model to a combination of GA-
BAA receptor agonist and NKCC1 co-transporter blocker in a
post-TBI brain state. Dotted line signifies the change in intracel-
lular chloride caused by the effect of the NKCC1 co-transporter
blocker. The combination of the two drugs is able to rescue the
model neuron from depolariziation block.
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gradients were allowed to collapse (Fig. S3E), GABA mediated

depolarization was significantly reduced (Fig. S3A) (see online

supplementary material at http://www.liebertpub.com). Therefore,

increases in extracellular GABA levels (as seen during ischemia)

would result in depolarization of neurons, and this effect is de-

pendent on the maintenance of the bicarbonate ionic gradient.

Having elucidated the ionic mechanisms behind activity-

dependent GABA- mediated depolarization, we modeled ischemia-

induced excitotoxicity in the RS neuron model (Fig. S4) (see online

supplementary material at http://www.liebertpub.com). Under is-

chemic conditions (increased extracellular potassium and continuous

stimulation of GABAARs by increased extracellular GABA levels),

the RS neuron model entered depolarization block (Fig. S4A). GA-

BAAR agonists failed to rescue the neuron from depolarization block

(Fig. S4A). However, inverse agonists partially rescued the neuron

from the excitotoxic depolarization block (Fig. S4B) (see online

supplementary material at http://www.liebertpub.com). Thus, our

model can help to explain why diazepam fails to provide neuropro-

tection when administered post-ischemic injury, whereas inverse

GABAAR agonists are more successful in preventing cell death un-

der these same post-ischemic conditions.92

Discussion

Our results provide a biophysical explanation for why GABAA

receptor agonists fail to offer neuroprotection after TBI. Both epilepsy

and TBI are characterized by increases in the levels of extracellular

potassium, increasing the excitability of neurons.1,18–20,22–27

However, because of post-TBI elevations in the expression of

NKCC1 co-transporter,52–54,56 levels of intracellular chloride in-

crease54,57,58 and further aggravate post-TBI excitotoxicity by re-

versing the polarity of the normally inhibitory neurotransmitter

GABA. Our modeling work shows that as a result of this excitatory

nature of GABA after TBI,58 GABAA receptor agonists fail to help

neurons recover from depolarization block and therefore would fail

to prevent secondary cell death. However, we have shown that if

GABAA receptor agonists are combined with NKCC1 co-

transporter blockers, the combination of drugs is likely to rescue

neurons from depolarization block, even in pathological, post-TBI

brain states. Therefore, our modeling results predict that GABAA

receptor agonists will be effective in providing neuroprotection in

TBI when co-administered with NKCC1 co-transporter inhibitors.

This is a biophysically principled prediction that our laboratory is

now testing experimentally.

FIG. 5. GABAA agonists, only in combination with Na+-K+-2Cl- (NKCC1) co-transporter blockers, can rescue neurons from de-
polariziaton block across a range of pathological ion concentations. (A) Effect of GABAA receptor agonists on the percent change in IDB

of the regular spiking (RS) neuron model when Koutside = 12.5 mM, reflecting mild traumatic brain injury (TBI). Note that values >0
reflect a therapeutic effect, whereas values <0 reflect a pathological worsening. Under these potassium conditions, GABAA receptor
agonists can reduce the propensity to depolarization block when intracellular chloride concentrations are close to the normal physio-
logical range, but exert little or negative effect when chloride concentrations inside the cell exceed the physiological range. (B) Same as
in A, but for the combination of a GABAA receptor agonist and NKCC1 co-transporter blocker. By blocking NKCC1 co-transporter and
hence reducing intracellular chloride concentration, this combination of drugs can rescue the model neuron from depolariziation block
across a wide range of intracellular chloride concentrations. This suggests that this combination of drugs can have a therapeutic benefit
in post-TBI brain states. (C, D) Same as A, B, but for Koutside = 18.5 mM, reflecting more severe TBI.
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Depolarization block as an indicator of cell death
in an energy-compromised tissue

TBI is characterized by the widespread depolarization block of

neuronal activity.33,36,37,116 The depression of neuronal firing (of-

ten called spreading depression34,37) from depolarization block is

caused by spontaneous spreading waves of depolarization that have

also been seen in electrocorticography (ECoG) recordings after

TBI.33,36,37 Spreading depression is accompanied by changes in

ionic gradients, cell swelling, decreased input resistance, and other

changes that result in the massive depolarization of neurons.37 This

hyperexcitable brain state eventually leads to the silencing of

neuronal activity through depolarization block33,36,37 because

neurons are unable to fire any action potentials because of complete

inactivation of voltage-gated sodium channels.

Spreading depression can propagate at a speed of 1–5 mm/

min33,36 between brain regions and may indicate progression of

secondary brain injuries.35,36 There are many studies that support

this observation: an experiment utilizing the fluid percussion injury

model in rats found a positive correlation among the number of

spreading depression cycles, intracranial pressure, and mortality

rates.35 In a similar study involving human subjects, intracranial

pressure was found to be higher in patients who experienced epi-

sodes of spreading depression.33 Additionally, in a rat model of

cerebral ischemia, spreading depression in the peri-infarct zone was

associated with increased infarct volume and cell death.36,38

Rescuing neurons from depolarization block is therefore an

important neuroprotective goal, and would help recovery from TBI

in multiple ways. First, it would reduce the activity of Na+/K+

pumps that are constantly working to restore ionic gradients during

depolarization block and hence reduce adenosine triphosphate

(ATP) consumption.31,116–118 This would help to ease the meta-

bolic distress that the neurons are under119 and gradually restore the

physiological ionic gradients. Second, N-methyl-d-aspartate

(NMDA) receptors would be active during depolarization block,

as the pore of the receptor would be relieved from magnesium

ion block at these depolarized membrane potentials.117,118,120–122

Calcium entry via NMDA receptors is a major source of post-TBI

excitotoxicity123; therefore, rescuing the neuron from depolariza-

tion block is likely to reduce the net calcium entry into the neurons

via NMDA channels. Therefore, drugs that decrease the propensity

of a neuron to reach depolarization block would represent prom-

ising therapeutic candidates for neuroprotection in TBI.

GABAA receptor agonists and their history
in treating TBI

Several studies have established that GABAA receptor agonists

are ineffective in helping functional recovery after TBI.42–47 In a

study involving lesions to the anterior-medial areas of the cortex,

administration of diazepam (a benzodiazepine) immediately after

the injury impaired recovery from sensory asymmetry (until 22

days post-injury) in rats and caused no change to lesion size.44

Similarly, when rats were administered phenobarbital following

injury, the drug impeded functional recovery by up to 4 weeks and

did not exert any significant effect on the lesion size compared with

controls.45 Importantly, in a model of hemiplegia in rats, local

infusion of GABA to the injured motor cortex impeded recovery of

motor function.47 In a recent study involving a controlled cortical

impact (CCI) model of TBI in rats, pentobarbital, diazepam, and

propofol all failed to reduce the contusional volume when admin-

istered immediately after the impact.42 Additionally, rats treated

with propofol exhibited poor performance on motor tasks, whereas

those treated with diazepam performed worse on cognitive tasks

than those injured rats that were not treated with any drugs.42

Isoflurane, an anesthetic agent that is commonly used in TBI ex-

periments, caused increased cell death and impaired functional

recovery at 48 h post-CCI-induced injury in rats.49 Similar effects

were observed with two other novel GABA potentiating anticon-

vulsant drugs, topiramate48,124 and vigabatrin,125 following brain

injury. An emerging consensus from these studies illustrates that

GABA or GABAA receptor agonists, when administered on their

own after a brain injury, actually impede the recovery of function

and have no beneficial effect on the lesion/contusion volume.

Changes in expression of chloride transporters
after TBI

The expression levels of NKCC1 proteins in the cortex and

hippocampus post-TBI have been quantified in numerous studies

using the Western blot method.52,54,56 In a study involving CCI in

mice,52 NKCC1 co-transporter upregulation in the cortex started at

6 h and persisted until 24 h post-injury. The expression levels in this

study peaked at 12 h following injury (showing a fourfold increase

over baseline).52 Similarly, NKCC1 proteins in the hippocampus

were upregulated as early as 2 h following the injury and continued

to be upregulated for 24 h post-injury in rats that were injured using

the weight drop method (twofold peak upregulation compared to

sham).56 Additionally, mice that received closed head injury ex-

hibited increases in NKCC1 expression levels at 1 day post-injury

and the upregulation continued for 7 days (twofold peak upregu-

lation compared with sham).54 From these studies, it becomes ev-

ident that irrespective of the injury method, NKCC1 co-transporter

is upregulated rapidly following TBI (as early as 2 h) and the up-

regulation may persist until a week following the injury. As a direct

consequence of this upregulation, the concentration of chloride ion

inside the neuron increases, resulting in depolarized values of the

reversal potential of GABA currents (EGABA).54,57,58 Elevated

levels of EGABA following brain trauma have been reported in

multiple electrophysiological studies.54,57,58 Therefore, as shown

by our model, the paradoxical effect of GABAA receptor agonists

following brain trauma reported in earlier studies42,44,45,47 is likely

caused by the upregulation of NKCC1 co-transporters. Confirming

this hypothesis, blockers of NKCC1 co-transporters (e.g., bume-

tanide) mildly reduced edema formation, contusional volume, and

incidence of post-traumatic seizures following TBI.52–56,126,127

Changes in the expression of NKCC1 co-transporters post-TBI

were modeled as an increase in the intracellular concentration of

chloride ions. The intracellular concentration of chloride ions in the

simulation was varied to capture the extent of change in the reversal

potential of GABAergic currents post-trauma, as reported in the

literature.54,58 The change in GABA reversal potential reported in

these studies54,58 spans a wide range from 3 mV to 47 mV. Ac-

cordingly, we varied the intracellular chloride levels in the model

(in steps of 3 mM, up to 39 mM) to capture the magnitude of the

corresponding depolarizing shift in the reversal potential of GA-

BAergic currents.

A few studies54,57 have suggested that KCC2 co-transporters are

downregulated after TBI, in addition to the upregulation of

NKCC1. Inhibition of NKCC1 co-transporters is still likely to be

beneficial and would help to restore the inhibitory efficacy of

GABAA receptor agonists for the following reasons: NKCC1 co-

transporter is expressed not only in neurons but also in glial cells.128

The combined blockade of NKCC1 co-transporters in both neurons

and glia would help to prevent the transport of chloride ions from
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the extracellular space to the intracellular space. This results in an

increase in the levels of chloride in the extracellular space.

Therefore, the increase in the extracellular chloride levels would

(partially) offset the effect of increase in the levels of intracellular

chloride that might be caused by the downregulation of KCC2 co-

transporters. The literature is supportive of this reasoning: in cer-

tain pathological conditions that result in a concomitant change in

the expression of NKCC1 (upregulation) and KCC2 (down-

regulation) co-transporters, bumetanide, a specific blocker of

NKCC1 co-transporters, is still sufficient for abolishing the excit-

atory action of GABA and restoring its hyperpolarizing ef-

fect.129–131

The combination of GABAA receptor agonists
and blockers of NKCC1 co-transporter is likely
to be far more efficacious than either drug on its own

Our modeling results suggest that the therapeutic efficacy of

GABAA receptor agonists in TBI could be enhanced when they are

combined with blockers of NKCC1 co-transporters. Because the

protein expression of NKCC1 is upregulated a few hours after in-

jury (as early as 2 h), GABAAR agonists would start to lose their

inhibitory efficacy immediately following TBI as a result of altered

chloride transport, and may continue to be in that state for up to 7

days following injury. In order to prevent cell death, our modeling

suggests that these drugs should be combined with NKCC1 co-

transporter blockers as soon as possible following injury, and that

the drug combination may be continued until 7 days post-TBI to

achieve optimal neuroprotection. However, if the upregulation

continues beyond the 7 day time period in particularly severe TBI

cases, continuation of the drug combination might be necessary to

maintain the inhibitory effect of GABAAR agonists. Supporting our

hypothesis, in rodent models of neonatal epilepsies, the combina-

tion of a GABAA receptor agonist (phenobarbital) and an NKCC1

co-transporter blocker (bumetanide) has been shown to be effective

in combating seizures.132,133 Similarly, in a model of hypoxia-

ischemia in neonatal rats, bumetanide enhances the combined

neuroprotective efficacy of phenobarbital and hypothermia.134

Further, in adult mice, bumetanide reinstates the efficacy of diaz-

epam in reducing seizures by reversing the altered chloride gradi-

ents following development of status epilepticus.135,136 Our

modeling work suggests that such combination of drugs will also be

neuroprotective in TBI.

Future work

In this study, we used a computational model of a neocortical RS

neuron to identify efficacious drug combinations for neuroprotec-

tion in TBI. The neocortex is endowed with a diversity of neu-

rons,137–140 and it is highly likely that these neuronal subtypes, by

virtue of their different membrane and synaptic properties and

morphology, exhibit varying propensities to depolarization block.

For example, inhibitory interneurons (specifically fast spiking [FS]

neurons) might be at an increased risk of potassium- mediated

excitotoxicity because of the dense expression of voltage-gated

potassium channels in these neurons.141 This could lead to a

buildup of local microdomains of extracellular potassium during

periods of intense neuronal activity as seen during brain trauma.

Therefore, future work will focus on extending this study to other

subtypes of cortical neurons including intrinsically burst-firing,142

fast-spiking inhibitory,137,143 and many other inhibitory neuronal

types of the neocortex and hippocampus.137,138

Our single-neuron model is likely to underestimate the amount of

excitotoxicity that happens in a brain state post-TBI.144–147 TBI is

characterized by hypoxia, ionic imbalance, cell swelling, and glu-

tamate excitotoxicity culminating in cell death.144,148,149 Therefore,

detailed pathophysiology of TBI must be implemented in network

models of different brain regions at multiples levels of complexity to

mimic TBI-induced excitotoxicity. Multi-scale simulation of TBI

requires careful modeling of oxygen and glucose metabolism, po-

tassium diffusion in the extracellular space, glutamate diffusion in

the synaptic cleft, various pumps and transporters on neurons and

glial cells, cytotoxic edema, volume dynamics, and various modes of

calcium entry into the neuron.28–30,123,150 Given the heterogeneity of

injury types in TBI,151,152 the multi-scale modeling approach would

greatly help with the discovery of rational, biophysically principled

drug combinations for neuroprotection in TBI.152

Conclusion

Our results provide a simple mechanistic explanation for why

GABAA receptor agonists have failed to work in TBI treatment, and

suggest that combining these drugs with an NKCC1 co-transporter

blocker is likely to offer significantly improved neuroprotection.

Work in progress in our laboratory is now testing the possible ther-

apeutic efficacy of this drug combination in a rodent model of TBI.

Acknowledgments

We thank Scott Cruikshank, Tibin John, and Ellen Wixted for a

careful reading of this manuscript. This work was supported by

grants to O.J.A. from the National Institutes of Health (NIH)

(R03MH111316), the American Epilepsy Society ( Junior In-

vestigator Award), Michigan Institute for Computational Discovery

& Engineering (MICDE) (Catalyst Grant) and the Joyce and Don

Massey Family Foundation/Michigan Center for Integrative Re-

search in Critical Care (MCIRCC) (TBI Grand Challenge Award).

Author Disclosure Statement

No competing financial interests exist.

References
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Supplementary Data

SUPPLEMENTARY FIG. S1. I–V curves for GABAAR
chloride channels at multiple intracellular chloride concentrations.
The figure shows the current–voltage (I–V) relationship of GABA
evoked currents for three different values of intracellular chloride:
6 mM, corresponding to control levels; 18 mM, corresponding to
the lower end of the post-traumatic brain injury (TBI) range; and
30 mM, corresponding to the higher end of the post-TBI range.



SUPPLEMENTARY FIG. S2. GABAA receptor agonists, in combination with Na+-K+-2Cl- (NKCC1) co-transporter blockers, can
reduce the median membrane potential across a wide range of pathological ion concentations. (A) Effect of GABAA receptor agonists on
the percent change in median membrane potential of the regular spiking (RS) neuron model for mild traumatic brain injury (TBI). Note
that values >0 represent a pathological worsening reflecting depolarization of the median membrane potential, whereas values <0
represent therapeutic benefits caused by hyperpolarization of the median membrane potential. Under these conditions, GABAA receptor
agonists lose their therapeutic efficacy as the intracellular chloride concentration exceeds the physiological range. (B) Same as in A, but
for the combination of GABAA receptor agonist and NKCC1 co-transporter blocker. By blocking NKCC1 co-transporter and hence
reducing intracellular chloride concentration, this combination of drugs can hyperpolarize the model neuron (and thus help to rescue it
from depolariziation block) across a wide range of intracellular chloride concentrations. This suggests that this combination of drugs can
have a therapeutic benefit in post-TBI brain states. (C, D) Same as A, B, but for Koutside = 18.5 mM, reflecting more severe TBI.



SUPPLEMENTARY FIG. S3. Activity-dependent changes caused by enhanced GABAergic inputs under ischemic conditions.
(A) Schematic representation of the regular spiking (RS) neuron model. The model consists of seven dendritic compartments and a
soma. GABAergic inputs arrive on to the apical dendritic compartment. Membrane potentials in the soma and in the apical dendritic
compartment receiving GABA inputs were recorded throughout the duration of the simulation. Somatic potentials are shown in panel B,
and dendritic potentials and concentrations are summarized in panels C–E. (B) Somatic membrane potential of the RS neuron model in
the presence and absence of regeneration of intracellular bicarbonate ions. GABAergic inputs arrive on to the apical dendritic com-
partments at 500 ms (200 Hz input train for 200 ms) (solid black line). (C) GABA reversal potential (at the end of 200 Hz stimulation
pulse) in the apical dendritic compartment with and without the regeneration of intracellular bicarbonate ions. (D) Same as C, now
showing the dendritic intracellular chloride ion concentration. (E) Same as C, now showing the dendritic intracellular bicarbonate ion
concentration.



SUPPLEMENTARY FIG. S4. Effect of agonists and inverse
agonists of GABAA receptors under ischemic conditions.
(A) Response of the regular spiking (RS) neuron model to GA-
BAA receptor agonists under ischemic conditions. The values of
extracellular potassium and intracellular chloride are shown in the
upper panel. Under these conditions, the model reaches depolar-
ization block and GABAAR agonists are unable to rescue the
neuron from depolarization block. Ischemic conditions were
modeled as an increase in extracellular potassium concentration
and continuous activation of GABAARs by the increased extra-
cellular GABA levels seen in ischemia, but not post-traumatic
brain injury (TBI). (B) Response of the RS neuron model to
GABAA receptor inverse agonists under ischemic conditions.
GABAA receptor inverse agonists partially rescue the neuron from
depolarization block under ischemic conditions.
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