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Desensitization of ligand-gated ion channels plays a critical role for the information transfer between neurons. The
current view on y-aminobutyric acid (GABA), and glycine receptors includes significant rapid components of de-
sensitization as well as cross-desensitization between the two receptor types. Here, we analyze the mechanism of ap-
parent cross-desensitization between native GABA, and glycine receptors in rat central neurons and quantify to
what extent the current decay in the presence of ligand is a result of desensitization versus changes in intracellular
Cl™ concentration ([Cl™];). We show that apparent cross-desensitization of currents evoked by GABA and by gly-
cine is caused by changes in [Cl™];. We also show that changes in [C]™]; are critical for the decay of current in the
presence of either GABA or glycine, whereas changes in conductance often play a minor role only. Thus, the cur-
rents decayed significantly quicker than the conductances, which decayed with time constants of several seconds
and in some cells did not decay below the value at peak current during 20-s agonist application. By taking the cyto-
solic volume into account and numerically computing the membrane currents and expected changes in [CI™ ];, we
provide a theoretical framework for the observed effects. Modeling diffusional exchange of Cl™ between cytosol
and patch pipettes, we also show that considerable changes in [Cl™ ]; may be expected and cause rapidly decaying
current components in conventional whole cell or outside-out patch recordings. The findings imply that a reevalu-

ation of the desensitization properties of GABA, and glycine receptors is needed.

INTRODUCTION

v-Aminobutyric acid (GABA), and glycine receptors,
which mediate the majority of fast inhibitory transmis-
sion in the central nervous system, desensitize upon
prolonged agonist exposure. Fast desensitization, which
may take place during short (1-10-ms) GABA applica-
tions, is considered critical in shaping inhibitory synaptic
currents (Jones and Westbrook, 1995), and slow com-
ponents of desensitization (decay time constants of ~1 s
or longer) may decrease synaptic efficacy during pro-
longed exposure to agonist or during repetitive activation
(Overstreet et al., 2000; Bianchi and Macdonald, 2002).
Slow desensitization may also play a role during tonic,
extrasynaptic GABA, receptor activation (Mtchedlishvili
and Kapur, 2006; Lagrange et al., 2007). The physiolog-
ical importance of desensitization is reflected by the
modulatory influence of endogenous substances (Zhu
and Vicini, 1997; Haage et al., 2005) and clinically im-
portant drugs (Orser et al., 1998). In addition, cross-
desensitization between GABA, and glycine receptors
may provide an important means for interactions be-
tween the two transmitters (Barker and McBurney, 1979;
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Baev et al., 1992; Grassi, 1992; Lewis and Faber, 1993;
Trombley et al., 1999; Li and Xu, 2002; Wu et al., 2002;
Li et al., 2003; Breustedt et al., 2004). Several aspects of
desensitization are, however, poorly understood. This
applies to mechanisms underlying cross-desensitization,
the marked variation in desensitization often reported,
e.g., between different patches with the same receptor
type (e.g., see Pitt et al., 2008), and the correlation be-
tween desensitization and current amplitude that is seen
in a variety of conditions (see below).

This study addresses the mechanisms underlying the
current decay at GABA, and glycine receptor activation,
with the aim of explaining apparent cross-desensitization
as well as the large variability in reported desensitiza-
tion and its correlation with current amplitude. Current
knowledge on GABA, and glycine receptor desensitiza-
tion is largely based on recording the current decay un-
der voltage-clamp conditions. Although it is known that
changes in intracellular Cl” concentration ([Cl™];) may
contribute to the current decay, such changes are usually
ignored or assumed to be of minor importance in studies
of desensitization. Knowledge about possible changes
in [CI"]; that may occur during GABA, and glycine re-
ceptor activation is, however, crucial for understanding
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how quickly and to what degree these receptors do de-
sensitize. Such knowledge is also important because of
the recent insight that changes in [CI™]; may contrib-
ute to or accompany several pathological conditions,
including epilepsy and chronic pain (Vale and Sanes,
2000; Schwartz-Bloom and Sah, 2001; Coull et al., 2003;
Khalilov et al., 2003).

In this study, we quantify the changes in [C]™]; during
activation of native GABA, and glycine receptors, mostly
in neurons of the rat medial preoptic nucleus (MPN)
but also in cortical and hippocampal neurons. The
analysis shows dramatic changes in [Cl™ ]; during GABA,
and glycine receptor activation. We find that the altered
[Cl7]; accounts for the cross-desensitization between
GABA and glycine. We also find that the changing
[CI"]; is the main determinant of current decay in the
presence of agonist, whereas the decay in conductance
(“true desensitization”) plays a minor role only. By pro-
viding a theoretical framework that enables modeling
of expected changes in [CI™ ];, we show that the results
are theoretically consistent and that large changes in
[CI"]; may be expected under a variety of recording
conditions. Although GABA, and glycine receptors of
some subtypes or in some conditions may desensitize
rapidly, our findings imply that in many cases, a reevalu-
ation of GABA, and glycine receptor desensitization
may be necessary.

MATERIALS AND METHODS

Ethical approval

Ethical approval of the procedures described was given by the
regional ethics committees for animal research (“Stockholms s6dra
djuforsoksetiska namnd,” approval no. S201/04, and “Umea
djurforsoksetiska namnd,” approval nos. A17-05 and A13-08).

Slice preparation

In total, 82 male Sprague-Dawley rats, aged from 3 to 5 wk, were
used for the experiments described. They were housed at 20 + 0.5°C
with a 12-h light/dark cycle and free access to food and water.
For preparation of brain tissue and isolated cells, rats were lightly
anesthetized with 5% isoflurane and decapitated, or alternatively,
decapitated without anesthetics. (No systematic difference in re-
corded parameters was observed for the two groups.) The brain
was rapidly removed and placed in pre-oxygenated ice-cold (4°C)
incubation solution, which was used throughout the entire slicing
procedure and contained (in mM): 150 NaCl, 5 KCI, 2 CaCl,,
1.2 MgCls, 10 HEPES, 10 glucose, and 4.93 Tris-base, pH 7.4 (95%
Os, 5% COy). A block of tissue containing the area of interest (ante-
rior hypothalamus, motor cortex, or hippocampus) was used to cut
200-300-pm-thick coronal slices using a vibratome (Vibratome
1000plus; Ted Pella, Inc., or Vibroslicer 752 M; Campden Instru-
ments). After cutting, slices were allowed to recover for atleast 1 h
in incubation solution at 21-23°C.

Acute dissociation of neurons
The procedure for dissociation of MPN neurons followed the de-
tails described previously (Karlsson et al., 1997b). Neurons from the
motor cortex, layer V, and from the hippocampus, area CA1-CA2,
were prepared in a similar way.
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Recording solutions

Recordings were made using either the amphotericin B-perforated
patch technique (Rae et al.,, 1991) or the gramicidin-perforated
patch technique (Abe et al., 1994; Kyrozis and Reichling, 1995).
Amphotericin B, which forms pores that are permeable to small
cations but also to Cl™, was used in the first series of experiments
to enable control of [CI"]; while simultaneously preventing
washout of possible critical intracellular factors. Gramicidin,
which forms pores that are permeable to small cations but not
to Cl”, was used in a second series of experiments when avoiding
equilibration of [Cl™]; with pipette Cl~ was required for quantifi-
cation of changes in [Cl™ ;. The extracellular solution contained
(in mM): 137 NaCl, 5.0 KCI, 1.0 CaCl,, 1.2 MgCl,, 10 HEPES,
and 10 glucose, pH 7.4 (NaOH). GABA, glycine, strychnine, gaba-
zine (SR-95531), or bicuculline methiodide was added to the
extracellular solution, as indicated in Results. In some experiments,
3.0 pM gabazine was used in the extracellular solution throughout
the experiment to block spontaneous inhibitory postsynaptic cur-
rents (sIPSCs; see Results).

The standard solution used for filling the recording (patch)
pipettes for amphotericin B—perforated patch recording contained
(in mM): 140 Cs-gluconate, 3.0 NaCl, 1.2 MgCl,, 10 HEPES, and
1.0 EGTA, pH 7.2 (CsOH). For the control experiments with sym-
metrical chloride concentrations, the pipette-filling solution con-
tained (in mM): 140 KCl, 3.0 NaCl, 1.2 MgCl,, 10 HEPES, and
1.0 EGTA, pH 7.2 (KOH). Amphotericin B (Sigma-Aldrich) was pre-
pared from a stock solution (6 mg/100 pl DMSO) and added to a
final concentration of 120 pg/ml of pipette-filling solution. For
gramicidin-perforated patch recordings, as well as for conven-
tional whole cell recordings, the pipette-filling solution contained
(in mM): 140 K-gluconate, 3.0 NaCl, 1.2 MgCl,, 10 HEPES, and
1.0 EGTA, pH 7.2 (KOH). Gramicidin (Sigma-Aldrich) was prepared
from a stock solution (120 mg/1.0 ml DMSO) to a final concen-
tration of 600 pg/ml of pipette-filling solution.

GABA, receptors as well as glycine receptors are mainly perme-
able to CI” but show a significant permeability also to HCO3~
(~20-40% of the permeability to Cl"; Farrant and Kaila, 2007).
HCOs™ is, via carbonic anhydrase, in equilibrium with CO, that
may easily cross the cell membrane. To avoid confounding factors
caused by the sometimes complex dynamics of HCO;™ and CO,
flux at GABA, receptor activation (Staley et al., 1995), and to en-
able studies of the receptor channel properties per se, we did not
include HCO3™ (or supplement with COy) in the extracellular so-
lution nor in the pipette-filling solution.

Electrophysiological recordings

The majority of recordings were made in the perforated patch
configuration (see above), with neurons placed in a chamber of
volume of 400 pl. The chamber was positioned on the stage of an
inverted microscope (Diaphot 200; Nikon, or Axiovert 25; Carl
Zeiss) and continuously superfused with extracellular solution at
21-23°C. Some recordings were made using an upright micro-
scope (BX51WI; Olympus) supplied with a water-immersion ob-
jective (x40) for detection of possible changes in cell shape.
Recording electrodes were pulled from borosilicate glass (GC150;
Harvard Apparatus) and had a resistance of 3—4 M(Q when filled
with gluconate-containing solutions. Signals were recorded using
an Axopatch 200A amplifier, a Digidata 1200 interface, and
pClamp software (versions 8 and 9; all from Axon Instruments). The
signals were sampled at 2-5 kHz after low-pass filtering at 1-2 kHz
(—3 dB). For the gluconate-containing pipette-filling solutions, a
liquidjunction potential of —14 mV was corrected for.

The membrane potential (V,,) was clamped at a steady level,
changed between two different levels in between pre- and test ap-
plications of agonists, or changed continuously by application of
voltage ramps (sequences of three ramps: from —14 to —94 to



+26 to —14 mV; ramp rate of +1.6 Vs™'), often giving two differ-
ent estimates of the reversal potential (V).

During perforated patch recordings, uncompensated series re-
sistance (R;) was in the range of 13-31 MQ for cells used for
quantitative evaluation of current amplitude and time course.
A variable degree of R, compensation, up to 90%, was used, and the
remaining R, was in the range of 2.0-6.6 M(Q) (mean of 4.4 + 0.4 M(;
n=10). For some of the experiments, effects of remaining R, were
expected to be critical to the interpretation. Therefore, we de-
rived equations to quantify the effects of R (see below).

To provide a measure of conductance that was not significantly
influenced by the effect of R, on V,,, a series of experiments with
two gramicidin-containing patch pipettes attached to the same
cell was performed. In these cases, one pipette was used for volt-
age clamp, with application of voltage ramps and current record-
ing, as described above. The second pipette was used to directly
record the V,, under current-clamp conditions (at zero current).
In this way, the effect of R on the estimate of V,, was bypassed, and
an additional estimate of R, was obtained (from Eq. 5 below).

Drugs and drug application

Tested compounds were applied using either a DAD-12 superfu-
sion system (ALA Scientific Instruments) or a home-built gravity-
fed fast perfusion system controlled by solenoid valves via a
computer. The solution exchange time constant, which was esti-
mated from the current change measured from an open patch pi-
pette in alternating extracellular solution and 140 mM KCl, was
~30 ms for the majority of experiments used for quantitative eval-
uation. The corresponding solution exchange time constant mea-
sured in the whole cell (perforated patch) mode was 53 + 5 ms for
11 cells when resting on the bottom of the recording chamber,
as the majority of cells in this study.

Control experiments with faster solution exchange (time con-
stant of <1.0 ms; open pipette), made using a high-speed solution
exchange system with two outlets (HSSE-2; ALA Scientific Instru-
ments), did not reveal more rapidly desensitizing current compo-
nents in response to 1.0 mM GABA when tested in five MPN cells.
(One of the cells was lifted from the bottom of the recording
chamber. This further increased the speed of solution exchange, as
judged from the onset of GABA-evoked current, but did not reveal
additional, more rapid components of desensitization.) Strych-
nine, bicuculline methiodide, picrotoxin (from Sigma-Aldrich),
and gabazine (SR-95531 hydrobromide; Tocris Bioscience) were
dissolved in DMSO at a concentration of 10-50 mM and thereafter
diluted in extracellular solution to the final concentration.

Figure 1. Simplified part of recording circuit containing a patch
pipette and cell membrane. The diagram shows the relevant pa-
rameters at peak current or at steady state, when dV/dt = 0, and
when current through the relatively high membrane resistance
and seal resistance (not depicted) may be neglected. The conduc-
tance (G) is that activated by GABA or glycine.

Data analysis

The whole cell currents were analyzed offline using pClamp (see
above). Baselines were subtracted from current responses mea-
sured during steady voltages and currents during voltage ramps in
control solution were subtracted from those obtained in the pres-
ence of agonists to eliminate possible contribution of leak and
voltage-gated currents. For recordings with two patch pipettes
attached to the same cell, when V;, was directly measured, we used
a leak current subtraction procedure where differences between
Vi during control ramps without ligand application and V;, dur-
ing test ramps with ligand application were taken into consider-
ation. The I-V relation in the absence of ligand was found to be
well described by the exponential relation:

I=A+BeS, 1)

The constants A, B, and C, obtained by fitting the equation to the
current responses in the absence of ligand (i.e., the “leak” cur-
rent), were later used to calculate the expected leak current dur-
ing V;, measured when voltage ramps were applied in the presence
of ligand. The obtained leak current was subsequently subtracted
from the current recorded in the presence of agonist.

Capacitive currents during the voltage ramps were too small to
significantly affect the estimates of conductance as well as of V.,
and were therefore ignored. (For a typical cell, a steady capacitive
current of +4.5 pA would be expected if R, were zero, and a
smaller current as a consequence of the attenuating effect of R,
on the rate of voltage change. The total current during the volt-
age ramps typically changed several nanoamperes.)

Peak values were used for current amplitudes, unless stated
otherwise. Concentration-response curves (Fig. 2 A, bottom)
were obtained by fitting the logistic (Hill) equation:

I/I =1/ + (ECy /C)) 2)
to the experimental data, where /is current with subscript “max”
denoting maximum current, C is agonist concentration, ECs is
the concentration producing the half-maximal current, and n is
the “Hill slope.” An equivalent equation with In(C) as x axis was
used to obtain the SEM of In(EC;). The conductance was calcu-
lated from the V., and the current at 0 mV, as recorded during
the rising phase of the ramp.

Chloride equilibrium potential (V) was calculated from the
Nernst equation:

Vo= RT (=F) ' In([CI7], /[CI'],). (3)

[CI"]; was also derived from Eq. 3, assuming the V., = V. R, T,
and F have their usual meanings. When estimating changes of
[CI"];, the initial “resting” [Cl™]; was either calculated from the
Ve measured for sIPSCs or set artificially by applying agonist at
the required V,,, as described in Results.

When analyzing the additivity of currents evoked by GABA and
glycine, the effect of R, on the recorded current was considered
by taking the parameters shown in the simplified diagram of Fig. 1
into account. Seal resistance and membrane resistance (not de-
picted) beside the agonist-activated conductance were assumed
to be high, and currents through these pathways neglected. The
recorded current (/) depends on the conductance (G), V,, and
Viev according to:

I=G(V,-V.) )

rev

and

Vo=V, =R 1, ®)
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where V, is pipette (command) potential.
Thus, we may calculate the current

I= (v,-v.) (¢"+R)" (6)

rev

or conductance

-1
G=1(V,-R I-V,,) . %
It may be noted that with increasing G, / approaches the
asymptote:

I= (VP—V

o) R ®)

Itis thus clear that currents caused by the opening of different
conductance pathways are not expected to add linearly. To esti-
mate the expected current at coapplication of GABA and glycine for
separate and independent conductances, we calculated the con-
ductance causing the current at application of each agonist sepa-
rately, from the R, (remaining after compensation) according to
Eq. 7. Using the sum of obtained conductances, we subsequently

A B

100 1M
200 pA 32uM
10 M
505 it 32 LM
GABA
Gy =
1.0mM
1
200 pA o0 M
32 1M
20s
. 10 M
GABA
Gly =
1.0 5 GABA
Gl
0.8 -
"
’ 0.6 = GABAEC, =16 yM
= o4l o GlyEC, =104 M
0.2
0.0
1 10 100 1000

Concentration (M)

calculated the expected current at coapplication of GABA and
glycine from Eq. 6.

It is clear from Eq. 6 that the recorded current, 7, will vary in
proportion to (V, — V) according to the proportionality factor
(G'+ R) !, which we for convenience call the “apparent conduc-
tance” (G'). Thus, we may calculate the “true conductance” (G)
from the recorded G' and Ry

G= (¢-Rr) . )

For the analysis of responses to 1.0 mM GABA, cells where 3.0 pM
gabazine was used to block sIPSCs were pooled with cells without
gabazine, because at this low concentration, gabazine had negligible
effects on the currents induced by 1.0 mM GABA (see supple-
mental text, section I). All data are given as mean + SEM. Statisti-
cal significance was evaluated by using the Wilcoxon matched-pairs
signed-ranks test or Wilcoxon two-sample test, as appropriate,
with P < 0.05 chosen to imply significance.

Computation of [CI7]; and its contribution to current decay
Changes in [Cl™]; and their contribution to current decay in the ab-
sence of conductance decay were computed numerically, taking

Figure 2. Currents evoked by

GABA and glycine. (A) Currents

evoked by GABA (top) and by gly-

|300 PA cine (middle) in concentrations as
indicated, ata V,, of —8 mV. (Differ-

20s ent cells used for top and middle).
(Bottom) Concentration-response

curves for currents evoked by GABA

J and glycine. Symbols show peak
Gly currents (mean + SEM; n = 4-6)

GABA recorded at —8 or 0 mV and nor-
malized to the maximal response

in each neuron. Smooth lines are
\300 pA
20s
J Gl

described by Eq. 2 fitted to the ex-
y
GABA =

perimental data. The Hill slopes
were 1.5 and 1.8 for GABA and gly-
cine (Gly), respectively, and SEM
of In(ECs5y) were 0.090 and 0.054.
(B) Apparent cross-desensitization of
GABA- and glycine-evoked currents,
recorded when GABA or glycine
was added 20 s after the start of per-
fusion with the other agonist. Left
and right panels are from the same
cell. Note that the responses to the
Gl second (within each pair) applica-
tion are reduced compared with the
responses to the same agonist ap-
plied first. Note also that apparent
cross-desensitization was observed
with standard solutions (see Mate-
rials and methods) when GABA-
and glycine-evoked currents were of
roughly similar magnitude (top, V,,
of —8 mV) as well as when glycine-
evoked currents were considerably
smaller than GABA-evoked currents
(middle, V,, of 0 mV), and that ap-

GABA

ﬂ/ |50 pA
20s

parent cross-desensitization was also observed with nearly symmetrical CI~ concentrations (see Materials and methods) resulting in
inward currents at —40 mV (bottom). Interval between pairs (left and right columns) was 140 s (top), 120 s (middle), and 84 s (bottom).
(For some cells, recordings at —8 mV were preferred over those at 0 mV because of substantially lower background noise.) Amphoteri-

cin-perforated patch mode (A and B).
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the equivalent cytosolic volume (v.q,) into account, as described
in Results. GABA binding/unbinding and activation/deactivation
were assumed to follow the simplified model described previously
for synaptic GABA-mediated currents in MPN neurons (Haage
etal., 2005), but the desensitized state was omitted. Thus, a linear
three-state model with “unbound” (closed), “bound” (closed), and
open states was used. The rate constants for GABA were: binding,
3.0 }1M’l sl unbinding, 723 s”!; activation (transition from
bound to open state), 2,500 s~ !; and deactivation (transition from
open to bound state), 142 s~!. The details of activation kinetics
were, however, not critical because activation was considerably
faster than the changes in [Cl™];. From the fraction of channel
population in the open state (O), described by the above rate con-
stants, the conductance (G), current (/), and [Cl™ ]; as a function
of time (/) were computed numerically by (forward) Euler inte-
gration, according to the following (for clarity written as five
separate) equations:

G=G, O (10)
I=G(V,-Vy) (1)

AQ = IAL (12)

A[CI], = AQF v, 7! (13)

[CI]; (¢+ Aty = [CIT]; (¢) + AICIT), (14)

The integration time step, A¢, was 0.2 ms unless indicated
otherwise. For all types of responses computed, the stability of
numerical computation was verified by similar responses upon
reduction of At to one tenth of the values given in the text. The
computations were made using Turbo Basic software (Borland).
Unless specified otherwise in the figure legends, [Cl ], was
assumed to be constant (146.4 mM), [Cl™|; initially was 9.0 mM,
and Vg was computed according to Eq. 3. The maximum conduc-
tance (Gpax) was set to 54 nS to match the experimentally ob-
served maximum conductance evoked by 1.0 mM GABA (54 + 7 nS;
n=15). The vq, was set to 50% of the total cell volume (see Re-
sults) in a spherical cell of radius 6.2 pm. Alternatively, initial
[Cl™ i, Gpax and cell radius were set to match a particular neuron
studied experimentally. Glycine-activated conductance was assumed
to follow similar kinetics as GABA-activated conductance, except
rate constant for glycine binding = 0.46 pM ™' s™! to account for
the different ECs, values. Extensions of the model, to take into
account outward Cl~ transport and Cl~ exchange between cytosol
and recording pipette as a consequence of diffusion and elec-
tric current during conventional whole cell or outside-out patch
recording, are described in the supplemental text (sections VI
and VIII).

Online supplemental material

The online supplemental material includes, in respective sec-
tions: (I) a pharmacological analysis of responses to GABA and
glycine in MPN neurons; (II) detailed results from tests of “ap-
parent” versus “true” cross-desensitization; (III) detailed data on
GABA- and glycine-evoked currents measured with gramicidin-
perforated patches in MPN neurons; (IV) control experiments
showing that estimated [Cl™ |; changes do not depend on leak or
voltage-gated currents; (V) data examples from cells with mini-
mal conductance decay during 20 s in GABA and glycine; and
(VI) a model of currents and [Cl ]; that includes outward

Cl™ transport, (VII) an evaluation of effects of solution—exchange
speed on desensitizing current components, (VIII) a description
of modeling changes in [Cl"]; during conventional whole cell
and outside-out patch recording, and (IX) experimental data
from conventional whole cell recordings. The supplemental text
and Figs. S1-S7 are available at http://www.jgp.org/cgi/content/
full/jgp.201110674/DC1.

RESULTS

Currents evoked by GABA and glycine

A first series of experiments was performed with am-
photericin B as the perforating substance. In agree-
ment with our previous report (Karlsson et al., 1997a), all
MPN neurons tested (n = 114) responded to applica-
tion of GABA as well as to glycine (Fig. 2 A). The con-
centration-response curves show apparent EC;, values
of 16 and 104 pM, respectively (Fig. 2 A, bottom). To
evoke maximal currents, 1.0 mM GABA and 1.0-3.0 mM
glycine were used for the remainder of the experiments.
The outward current evoked by 3.0 mM glycine at 0 mV
(and with 5.4 mM CI" in the patch pipette) reached a
peak of 577 + 127 pA and subsequently decayed with a
time constant of 1,671 + 182 ms (n = 10). The current
evoked by 1.0 mM GABA under similar conditions
reached a peak of 2,227 + 393 pA and decayed with a
time constant of 1,153 + 147 ms (n = 10). A pharmaco-
logical analysis with application of common GABA, and
glycine receptor blockers showed differential effects on
the responses evoked by GABA and by glycine, support-
ing the idea that the two agonists act at separate recep-
tors (see supplemental text, section I).

Cross-inhibition of GABA-evoked currents by
pre-application of glycine and vice versa

Apparent cross-talk was demonstrated as a clear reduc-
tion in the current response to GABA by 20-s pre-appli-
cation of glycine and vice versa (Fig. 2 B). This apparent
“cross-desensitization” was thus qualitatively symmetric.
In neurons where the currents induced by GABA and by
glycine were of the same order of magnitude, the apparent
cross-desensitization was also quantitatively roughly sym-
metric (Fig. 2 B, top). In neurons where currents in-
duced by glycine were significantly smaller than those
induced by GABA, pre-application of glycine had a
smaller effect on the responses to GABA (Fig. 2 B, mid-
dle). The average reduction of the GABA-evoked cur-
rent by glycine pre-application was to 42 + 10% of the
control amplitude (n = 7). In the same set of neurons,
the average reduction of the glycine-evoked current by
GABA pre-application was to 25 + 3% of the control am-
plitude (n="7).

A roughly similar apparent cross-desensitization was
also observed when nearly symmetrical intracellular (pi-
pette) and extracellular C1” concentrations (145 and
144 mM, respectively) were used and inward currents
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Figure 3. Additivity of conduc-
tances evoked by GABA and
glycine. (A) The peak current
evoked by coapplication of 1.0 mM

——sum (I, *1
UM (opes * lyyone)  GABA and 3.0 mM glycine at 0
gﬁgﬁ & glycine mV (Igapa + gy; shaded bar) does

not differ significantly from the
expected peak current (Iegpecteds
hatched bar) calculated from
the sum of GABA- and glycine-
evoked conductances, as de-
scribed in Results. Error bars
denote SEM (n=11). (B) Example
current traces evoked by 1.0 mM

glycine

GABA (red) and 3.0 mM glycine (green), and coapplication of 1.0 mM GABA and 3.0 mM glycine (black), in a cell with a remaining
uncompensated R, of 2.0 MQ. The blue curve shows the sum of currents evoked by GABA and glycine separately, and the dashed line
indicates the calculated expected peak current. Note that at peak, the current at coapplication matches the sum of responses to each
agonist as well as the calculated expected peak current. In cells with higher remaining uncompensated R,, the current at coapplication
may differ from the sum of responses to each agonist, but may still match the expected peak current. Note also that at some time after
peak, the current at coapplication (black) is smaller than the sum of responses to each agonist (blue). The latter feature is explained by
the model presented in Fig. 8. Currents were recorded in amphotericin-perforated patch mode.

were recorded at —40 mV (Fig. 2 B, bottom). Under
these conditions, the average reduction of the GABA-
evoked current by glycine pre-application was to 38 + 9%
of control amplitude, and the average reduction of
the glycine-evoked current by GABA pre-application
was to 35 = 3% of control amplitude (n = 3). Although
this suggests that neither the ClI~ concentration of the
patch pipette nor the V;, at which the currents are stud-
ied is critical for the occurrence of the apparent cross-
desensitization, it does not rule out a contribution of
changesin Cl™ concentration as a cause of this phenom-
enon (see below).

Alternative hypotheses explaining interactive effects

of GABA and glycine

Apparent interactive effects between GABA receptors
and glycine receptors as described above may possibly
take place because (a) of ion concentration changes
caused by the current flux (hypothesis of concentration
changes; Grassi, 1992); (b) these agonists bind to a com-
mon ligand-gated ion channel (hypothesis of common
conductance or dual agonist sensitivity; Barker and
McBurney, 1979; Baev et al., 1992; Lewis and Faber,
1993; Trombley et al., 1999; Amakhin and Veselkin,
2010); or, as several studies during later years suggest,

A Gly 3mM Gly 3 mM GABA T mM GABA 1 mM Figure 4. Lack of true cross-
I — — — desensitization between GABA

and glycine-evoked currents.

(A and B) Repetitive application

of either glycine (A) or GABA

(B) at —40 mV reveals a substan-

tial apparent desensitization.

However, when either agonist

is pre-applied at —10 mV, close

C Control/ Control/ to the V., neither true cross-
GABA/ GABA/ desensitization nor true self-

Gly Gly 3 mM Gly GABA 1 mM desensitization was observed in
— — —— — the same cell (C and D). (Note
e s that some true self-desensitization

was observed in a majority of

cells.) Recordings with nearly

400 pA symmetrical CI™ concentration

20s

(see Materials and methods)
and pre-application at —10 mV,
and test applications at —40 mV.
(C and D) Test application of

3.0 mM glycine (C) and 1.0 mM GABA (D) after pre-application of control solution, 1.0 mM GABA, or 3.0 mM glycine. The three curves
are superimposed. Note that the currents during the test applications are nearly identical and therefore difficult to separate by eye.
(A-D) From the same neuron with currents recorded in amphotericin-perforated patch mode.
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(c) two different types of receptor channels interact
(hypothesis of receptor cross-talk; receptor here mean-
ing the whole ligand-gated channel with binding sites
for either GABA or glycine; Li and Xu, 2002; Wu et al.,
2002; Li et al., 2003; Breustedt et al., 2004).

Additivity of currents and conductances evoked by GABA
and glycine

A commonly presented argument for cross-talk between
currents evoked by GABA and by glycine, as well as for a
conductance with dual agonist sensitivity (i.e., hypothe-
ses (b) and (c¢) above), is that such currents are found
to be non-additive, that is, the current evoked by coap-
plication of GABA and glycine is smaller than the sum
of currents evoked by each agonist alone. Usually, how-
ever, the effect of pipette R is neglected during such
comparisons, although a consequence of R, is that the
current will not increase linearly with conductance (see
Materials and methods: Egs. 6 and 8). We therefore cal-
culated the conductances from the currents recorded at
application of each agonist separately according to Eq. 7,
and then the expected current at coapplication from
the sum of conductances and Eq. 6, as described in
Materials and methods. The peak current recorded at
coapplication of 1.0 mM GABA and 3.0 mM glycine at
0 mV with standard solutions (2.7 + 0.5 nA; n=11) did
not differ significantly (P = 0.32; Wilcoxon matched-
pairs signed-ranks test) from the calculated expected
current for the same neurons (2.8 + 0.5 nA; n = 11; Fig. 3,
A and B). Thus, the peak conductances activated by
GABA and glycine appeared to be additive.

“Apparent” versus “true” cross-desensitization

We next examined whether the apparent cross-desensitiza-
tion between currents evoked by GABA and glycine re-
flected a “true” desensitization in the sense that the
conductance of the receptor channels was less sensitive to
the agonist or if the apparent cross-desensitization alter-
natively was a result of an altered “driving force” as a con-
sequence of changes in Cl™ concentration in the vicinity
of the channels (Grassi, 1992). To clarify whether there
is cross-desensitization independent of current flux
and concentration changes, we tested whether any cross-
desensitization could be observed when the desensitizing
pre-application of ligand was made with the voltage close
to the V., (i.e., with a negligible or no current, as found in
the range of —10 to 0 mV with nearly symmetrical CI™
concentrations). Test application was made after 4-10-s
washout of the pre-applied ligand and ata V;, of —40 mV.
The results showed that there is little, if any, true cross-
desensitization at application of GABA and glycine (Fig. 4
and supplemental text, section II, for details).

Currents measured with gramicidin-perforated patches
The results above suggested that the Cl™ current during
GABA or glycine application causes changes in [Cl ];

that may account for a large part or all of the apparent
desensitization seen at repetitive or sequential applica-
tion of these agonists. If such changes occur, they should
also contribute to the time course of current (apparent
desensitization) during single agonist applications. It
should be noted that the above results were obtained
with amphotericin B-perforated patch recordings, where
[CI]; is expected to equilibrate with ClI™ from the re-
cording pipette. If substantial changes in [Cl™]; occur
under these conditions, even larger changes may be ex-
pected when [CI]; is unaffected by the pipette content.
To estimate the changes in [Cl™]; under such condi-
tions, we made perforated patch recordings with grami-
cidin, which forms pores that are not significantly
permeable to CI™ (Abe et al., 1994; Kyrozis and Reichling,
1995). Unless stated otherwise, all experiments de-
scribed below were made with gramicidin as a perforat-
ing substance. To simplify quantification of cell volume
and because [CI™ ]; may differ in neurites and cell body,
and because voltage-clamp control may be impaired in
neurites, and also to simplify interpretation, cells with-
out neurites (a majority of cells) or with neurites shorter
than about one cell diameter were chosen.

The general properties of GABA- and glycine-evoked
currents recorded with gramicidin as perforating sub-
stance were similar to those recorded with ampho-
tericin B (supplemental text, section III). However, a
marked difference from the recordings with amphoter-
icin B was that, with gramicidin, recovery from the ap-
parent desensitization was not reached within several
minutes (see below).

[CI7]; decays faster than conductance

To estimate the time course of changes in [Cl™]; and
their contribution to the current time course during
single agonist applications, we used high-rate voltage
ramps (see Materials and methods). From the current
responses to these, we obtained measurements of the
View giving [Cl™]; as well as the conductance (see Materi-
als and methods). It was clear from these experiments
that there were dramatic changes in [Cl™ ;. Example re-
sults obtained from one cell are shown in Fig. 5. Here,
[CI"]; changed from ~5 to ~65 mM during the 20-s ap-
plication of either 1.0 mM GABA (Fig. 5 A) or 1.0 mM
glycine (Fig. 5 B). The change followed a roughly expo-
nential time course, with a time constant of only 1.6 s
for GABA (Fig. 5 A, d) and 1.9 s for glycine (Fig. 5 B, d).
This change was much faster than the decay in conduc-
tance (i.e., true desensitization; Fig. 5, A, ¢, and B, c). At
the time of the second ramp sequence (after 2.5 s in
GABA), when the GABA-evoked current had declined
~80%, [Cl"]; had increased to 900% of the resting
value, from 6 to 54 mM, but the conductance reached
its maximum. A slow or late increase in conductance as
frequently observed here may possibly be explained by
the parallel increase in [Cl™]; (see Discussion).
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The change in estimated [CI™]; was not associated
with any change in leak current or voltage-gated cur-
rent (supplemental text, section IV). There was also no
detectable change in cell shape. It was thus clear that
the increase in [Cl™];, and not the decay of conduc-
tance, was the main determinant of the current decay.
Similar results as for GABA were obtained for glycine.
Similar results were also obtained in several cells, al-
though the relative importance of the change in [Cl™;
and the change in conductance varied between cells.
Thus, on average, the current evoked by 20-s application
of 1.0 mM GABA to 13 neurons decayed by 95 + 1% with
a time constant of 1.4 + 0.1 s, whereas [Cl™ ]; increased
from 8.8 = 0.4 mM to 64 + 3 mM with a time constant of

Aa | Ba
200 pA|2_"J \‘\ \H}\ 'TH ] - 200 pA%‘“l

2.1 £ 0.3 s, and the conductance decayed by 73 + 5%
with a time constant of 6.4 + 0.7 s. (Here, and in the
next description, the exponential fit of the conduc-
tance time course included only the peak value and the
subsequent decay. Thus, the rising phase was excluded.
The given mean time constant underestimates the time
required for decay because in a few cells, the decay was
too slow to be fitted by an exponential function.)

The current evoked by 1.0 mM glycine in seven neu-
rons decayed by 95 + 1% with a time constant of 1.9 =
0.2 s, whereas [Cl7]; increased from 8.7 + 0.1 mM to
65 + 2 mM with a time constant of 3.1 + 0.5 s, and the con-
ductance decayed by 55 + 6% with a time constant of
6.4 + 1.0 s. Notably, there were cells where the GABA- or
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Figure 5. Rapid changes in
[CI"]; during GABA and glycine
application. (A and B) Currents,
conductances, and [Cl™]; during
application of either 1.0 mM
GABA (A) or 1.0 mM glycine (B)
to the same neuron. Raw cur-
rents shown in A (a) and B (a).

1.0 mM glycine

1st
4000 4

8th

20 4100  -80

Current (pA)

/ 2nd
L
20

(Gaps are a result of limitations
of the sampling protocol used.)

-60

< 20004+ .

et Vi = —14 mV, except during the
3 _a000 voltage ramps. Inset shows volt-
3 age protocol during each ramp

sequence. (A, b, and B, b) FVre-
lation for the currents recorded

c 1.4 ::: gg:rdel::tance c 1.4 —us— Conductance during the first, second, and
T 12 /\ ——I[cren 3 2 —o— Current eighth ramp sequences, as indi-
D 1.0 G 3 109 ‘i —a—[CI/[CI], cated. Note the large shift in V.,
B o8- \'\ - 0.8 ~, and the slight increase in slope
N .. @ .\
= 06 ~a—__ N 064 -, from the first to the second ramp

-—n © — g—n
E 04] £ 0.4 sequence. (A, ¢, and B, ¢) Com-
2 o2] o S 0.2] arison of the tim rse for
. 5 . - - 2o s — — parison of the e course fo
0.0 =0 0——o———0—= 0.0 - current, conductance, and the
0.2 1.0 mM GABA -0.2+4 1.0 mM glycine ratio [Cl ],/[Cl ];. (The ratio
2 0 2 4 6 8 10 12 14 16 18 20 22 2 0 2 4 6 8 10 12 14 16 18 20 22 was used to plot a decaying func-
Time (s) Time (s) tion of time to simplify compar-
ison.) [Cl ],/[Cl ]; normalized

d d to that before agonist applica-

70+ 70 ¢
tion, current, and conductance
601 601 to the values at the first ramp
—~ 501 = 501 sequence, close to peak current.
= t=1.6+02s = _ ;
S 404 S 404 1=19+03s (A, d, and B, d) Time course of
= a1 = 4. [Cl™];, computed as described in
o, O, Results. Smooth curves are fitted
20+ 209 exponentials with time constants
10+ 1.0 mM GABA 10+ 1.0 mM glycine of 1.6 s (A, d) and 1.9 s (B, d).
o4+ O Currents were recorded in gram-
2 0 2 4 6 8 10 12 14 16 18 20 22 24 2 0 2 4 6 8 .10 12 14 16 18 20 22 24 icidin—perforated patch mode
Time (s) Time (s) (A and B).
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glycine-evoked conductance did not decay significantly,
not even below the level at the time of peak current,
during the 20-s agonist application (supplemental text,
section V).

A series of control experiments of the type described
above was performed with the GABAy receptor antago-
nist saclofen (100 pM) added to the external solution to
exclude possible contribution of GABAj receptors to
the current responses to GABA. The analyzed parame-
ters, peak current and decay time constants for current,
conductance, and [Cl"],/[Cl];, did not differ signifi-
cantly from recordings without saclofen in five neurons
studied. Similarly, the same parameters analyzed from

another series of control experiments with Ca*-free
external solution (Co* substituted for Ca* and 2.3 mM
EGTA added) to minimize spontaneous release of trans-
mitter from remaining nerve terminals on the isolated
cells did not differ significantly from the results with
standard extracellular solution (seven neurons studied
with 1.0 mM GABA,; five neurons with 1.0 mM glycine).

Estimates of conductance and [C|]; obtained

from “double patch” recordings

The conductance calculated from the currents recorded
during the voltage ramps described above depends to
some extent on the estimate of R, and its effect on V,.
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Figure 6. Changes in [Cl]; and mismatch
between current and conductance, seen with
double patch recording from MPN neurons and
with “single patch” recording from cortical and
hippocampal neurons. (A and B) Current, con-
ductance, and ratio [Cl"],/[C]l"]; from an MPN
neuron recorded with two patch pipettes for di-
rect measurement of V,, as well as current, dur-
ing application of either 1.0 mM GABA (A) or
1.0 mM glycine (B). (C and D) Parameters as in
A and B recorded (with a single patch pipette)
upon application of 1.0 mM GABA to a pyramidal-
shaped neuron from motor cortex, layer V (C), and
a neuron from hippocampal area CA1-CA2 (D).
Note the dramatic changes in [CI"],/[C]l"]; and
the mismatch between current and conductance
in A-D. Voltage ramp protocol and normalization
as in Fig. 5. Gramicidin-perforated patch mode
used in A-D.
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To provide an estimate of membrane conductance that
does not depend on the accuracy of the estimated R;
value, we performed a few control experiments with two
gramicidin-containing patch pipettes attached to the
same neuron. While the first pipette was used for apply-
ing voltage ramps and current recording as described
above, the second pipette was used to directly record the
membrane voltage (see Materials and methods). These
“double patch” recordings thus enabled estimates of
conductance from the recorded current and the re-
corded voltage with the effect of R, on voltage being
bypassed. The method also provided an independent
estimate of R, obtained from command (pipette) po-
tential, recorded V;,, and membrane current (Eq. 5).
Because the method was technically challenging (seal-
ing the second pipette usually destroyed the seal be-
tween the cell membrane and the first pipette), we only
recorded four cells, which were exposed to glycine as
well as to GABA. Although the mean time constants de-
scribing the decay of current and conductance for these
four cells differed somewhat from the corresponding
values obtained from the cells studied with a single
patch pipette above, this was likely a result of the small
sample: The values obtained with double patch record-
ing were within the range for those obtained with a sin-
gle pipette, and a statistically significant difference
could not be proven. Importantly, there was a clear mis-
match between current decay (time constant 1.3 + 0.2's
for glycine and 1.5 + 0.5 s for GABA) and conductance
decay (5.6 + 0.5 s for glycine and 3.8 + 0.6 s for GABA;
Fig. 6, A and B). Further, [CI]; increased dramatically
from 10 + 5 mM to 64 + 4 mM at glycine application and
from 13 £ 2 mM to 60 £+ 2 mM at GABA application
(during 20-s exposure to 1.0 mM of the agonist).

[CI"]; changes and mismatch between current
and conductance in neurons from the motor cortex
and from the hippocampus
To clarify whether the observed [Cl™]; changes and the
mismatch between recorded current and conductance
were phenomena specific to the MPN neurons studied,
we performed additional recordings with gramicidin as
perforating substance and with the voltage ramp proto-
col described in the previous section, but applied to
pyramidal-shaped neurons from layer V of the motor cor-
tex and to neurons from hippocampal area CA1-CA2.
The cells were dissociated from rat brain slice prepara-
tions as described for the MPN neurons. These neurons
were considerably larger than the MPN neurons, with a
membrane capacitance of 14 + 3 pF (n=4) and 9.9+ 0.9 pF
(n = b), respectively. Thus, their membrane area was
likely ~4.8 times and ~3.5 times larger than the mean
area of MPN neurons, and their volumes presumably
~11 times and ~7 times that of MPN neurons.
Substantial changes in [Cl™]; and a considerable mis-
match between current and conductance in response to
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1.0 mM GABA were observed in all studied neurons
from the motor cortex and from the hippocampus. In
neurons from the motor cortex, [Cl™]; increased with a
time constant of 1.0 + 0.2 s to 43 + 9 mM, and the cur-
rent decayed with a time constant of 2.7 + 0.4 s, but the
conductance (peak, 143 = 11 nS) decayed with a time
constant of 6.2 + 2.5 s (n = 4; Fig. 6 C). Similar observa-
tions (conductance decay time constant of 5.9 + 1.4 s;
[C17]; rise with time constant of 1.7 £ 0.6 s to 54 + 8 mM)
were made in the hippocampal neurons (7 = 5), although
the peak conductance (62 + 27 nS) was smaller and the
current decay slower (7= 3.8 + 0.9 s; Fig. 6 D). It should
be emphasized that the time constant for the conduc-
tance decay was obtained from the best mono-exponen-
tial fit of the decay phase and underestimates the time
needed for decay. This is because of a nonexponential
time course and sometimes even a slow increase, during
several seconds, before the decay (e.g., see Fig. 6 D,
right). The findings show that the large changes in
[Cl7]; and the mismatch between current and conduc-
tance are not unique for MPN neurons but may be
found in other, considerably larger neuron types. Thus,
the observed phenomena may reflect properties that
are relatively common among central neurons from dif-
ferent brain regions.

Recovery of current, conductance, and [CI7];
in MPN neurons
After the decay of current evoked by GABA or glycine,
full recovery was usually obtained when amphotericin
B—perforated patch recordings were used and there was
a washout interval of ~1 min before a second agonist
application. This was in contrast to the recordings with
gramicidin as perforating substance, where full recov-
ery was not, in general, obtained within 10 min: In only
one of five MPN neurons tested did the current recover
within ~10 min after a preceding 20-s application of
1.0 mM GABA. On average, the recovery in these cells
was to 62 + 14% of the peak amplitude at the first GABA
application (measured after 9-11 min). The recovery of
conductance as measured from voltage ramps, however,
was much quicker, with a time constant of only 13 + 2 s
(n=28) for GABA and 14 + 4 s (n = 3) for glycine (Fig. 7).
However, recovery of [Cl™]; was very slow. The fitted ex-
ponential curve had a time constant of 31 + 5 min (n=8;
data combined for 1.0 mM GABA and 1.0 mM glycine;
Fig. 7 B). Thus, it is clear that under these conditions,
the slow recovery of [Cl™];, which in gramicidin record-
ings should reflect the cellular capacity for outward C1~
transport, is limiting the degree of current recovery.
For experimental purposes, however, the rapid
changes in [Cl™]; during agonist application could be
used to quickly alter [CI™];. After choosing the right
voltage from Eq. 3, application of GABA or glycine for a
few seconds quickly altered [Cl™]; to the desired value.
When the recovery processes were not analyzed, this



method was generally used to set [Cl™ ]; at ~9 mM before
applying agonist to neurons studied with gramicidin as
the perforating substance. This concentration was chosen
because [Cl™ ]; obtained from Eq. 3 and the V.., of sIPSCs
in four cells was 9.1 + 1.6 mM.

Theory: Equivalent space

The above results clearly show that rapid changes in
[CI"]; occur during application of GABA and glycine,
and that these changes largely determine the time
course of currents. Are such changes quantitatively con-
sistent with the movement of Cl~ during the currents
recorded and with the volumes that may be affected by
these ions? To answer this question, we first estimated the
“equivalent space,” i.e., a theoretical homogenous cyto-
solic volume that may account for the observed current
decay, if it is caused by changes in [Cl™ ]; only. For this,
we analyzed the GABA-evoked currents in two cells that
did not show any true desensitization (no reduction in
peak current when agonist was pre-applied close to Vg),
and therefore all current decay was likely a consequence
of changes in [Cl ];. The type of experiment was as in
Fig. 4 (with amphotericin B-perforated patches and
145 mM CI" in the pipette). First, V; was estimated
from the V., of currents without and with pre-application
of 1.0 mM GABA. From this, [Cl”]; before and after
GABA application was calculated (from Eq. 3), and values

—=s— Conductance

A 4]

w

of the change in [Cl™]; (A[CI"];) of —50 and —44 mM,
respectively, for the two cells were obtained. The charge
transfer (Q) during pre-application was subsequently
measured (by integrating the current over time), and
the equivalent space (v.q,) where this charge transfer
would cause the estimated changes in concentration
was calculated from

Vequ = QF(A[CI"])™ (15)

The result was vequ = 798 and 992 pmg, respectively, for
the two cells. For the first of these cells, the procedure
was repeated for currents evoked by 3.0 mM glycine,
giving Vequ = 895 pm?®. These values correspond to 45%
(51% for glycine-evoked currents) and 56% of the total
cell volume (in both cells above calculated from an
estimated average radius of 7.5 pm and a spherical
shape). These results thus suggest that if the change
in [Cl]; caused by the recorded currents is evenly dis-
tributed in roughly 50% of the cell volume, this would
account for the observed changes in V., and reduction
in current after pre-application of agonist. The cytosol
has been estimated to occupy roughly 50% of the total
cell volume (Alberts et al., 2008), and thus concentration
changes evenly spread throughout the entire cytosol may
account for the observed effects of pre-application on
current amplitudes at subsequent agonist applications.

Figure 7. Conductance re-
covers quicker than [Cl ]; and
current. (A) Conductance, cur-
rent, and [CI"],/[Cl"]; during
two sequences of GABA applica-
tion, separated by a recovery in-
terval of 38 s, from one neuron.
[CI" ]; normalized to that before
agonist application, current, and
conductance to the values at the
first ramp sequence, close to
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Theory: Model

Although several previous studies have shown that
changes in [C]™]; to some degree may contribute to the
decay of GABA-evoked currents or potentials (Huguenard
and Alger, 1986; Akaike et al., 1987; Thompson and
Gahwiler, 1989a,b; Grassi, 1992; Le Foll et al., 2000), a
quantitative theoretical framework on the expected con-
tribution of altered [Cl™ ]; is missing. The above calcula-
tions of an equivalent space that corresponds roughly to
the expected cytosolic volume show that the magnitude
of charge transfer during GABA- or glycine-activated
currents is consistent with very large changes in [CI ],
which may explain the reduction in current at repeated
agonist application. To examine whether the observed
time course of current decline (“apparent desensitiza-
tion”) in the presence of agonist was also consistent
with this idea, and to be able to predict the time course
of current under various conditions, we constructed a
simplified computational model that takes changes in
[Cl7]; into account. The basic idea was to use a conduc-
tance without true desensitization and, taking the cyto-
solic equivalent space into account, numerically compute
the expected changes in [Cl ];, “driving force” (V,, — Vo),
and current according to Eqs. 10-14 (see Materials

and methods). (The equivalent space was assumed to
be 50% of the cell volume.) It was obvious that the com-
puted GABA-evoked currents decayed with approxi-
mately the same time course as observed experimentally,
although there was no decay in conductance incorpo-
rated in the equations used (Fig. 8). A notable finding
was that at more negative voltages, the decay was faster
although the currents were smaller (Fig. 8, A and C). At
—65 mV, it was roughly exponential with a time con-
stant of only 387 ms. This implies that if the cells are
exposed to millimolar concentrations of GABA or gly-
cine for a few hundred of milliseconds, changes in
[CI"]; may be of importance for the time course of cur-
rents also near physiological resting potentials.
Modeling the expected apparent cross-desensitiza-
tion as a result of changes in [Cl™]; under conditions as
experimentally observed and shown in Fig. 2 B (top)
was made by introducing a simplified conductance to
glycine (see Materials and methods). Although the model
in many respects is very crude, it clearly shows that in
the absence of any decrease in conductance, we should
expect a marked cross-dependence (apparent cross-
desensitization) as a consequence of the Cl™ flux and
the expected cytosolic volume (Fig. 8 D). Remarkably,

1.0 MM GABA

Figure 8. Computed currents decay rap-
idly in the absence of true desensitiza-
tion. (A) Computed current evoked by
1.0 mM GABA in the absence of decay in
conductance. V,, = 0 mV. Time constants
for fitted mono-exponential (red) and bi-
exponential (blue), asshown. (B) Computed
change in [Cl"]; (blue) and Vg (red)
during the current in A. (C) Computed

-40 mV

t=732ms

currents, with superimposed fitted mono-
exponentials. As in A, except voltage =
—40 mV (top) and —65 mV (bottom). Note
the faster decay at more negative voltages.
(D) Apparent cross-desensitization between
GABA- and glycine-evoked currents, ex-
pected from changes in [Cl™];, under
conditions corresponding to those used
experimentally for the records in Fig. 2 B
(top). Maximum conductances were set to
match those observed without pre-applied
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set to match the experimental responses
to each agonist illustrated in Fig. 3 B. No
adjustment of kinetics was made. Note that
after peak current, there is a deviation of cur-
rent at coapplication (black) from the sum
of responses to each agonist (blue), as ex-
perimentally observed in Fig. 3 B. Cell ap-
proximated by a sphere of radius of 5.5 pm.



the model also explained the time course of current at
coapplication of GABA and glycine, where the current
matched the sum of responses to each agonist at the
time of peak but thereafter was smaller than this sum
(Fig. 3 B). This is exactly what is to be expected from
the change in [Cl™];, as shown by the computed cur-
rents in Fig. 8 E.

Expected [CI7]; changes explain correlations between peak
current and the rate and extent of decay

In many experimental situations, a positive correlation
between peak current amplitude and the rate and
extent of desensitization has been reported: This is the
case for (a) the increased peak currents at higher ago-
nist concentration (Oh and Dichter, 1992), as well as
for (b) currents of variable amplitude at constant ago-
nist concentration (Legendre et al., 2002), even for
well-defined receptor types (heterologously expressed
o3 glycine receptors; Pitt et al., 2008). This correlation
between peak current amplitude and current decay
properties also seems to be present (c¢) when receptors
of different subunit composition are compared. Thus,
GABA, receptors thought to contribute to “tonic” con-
ductances (receptors with a4 or ag subunits in combina-
tion with & subunits, or receptors containing os subunits)
show less or slower desensitization than other GABA,
receptors but also, in most comparative studies, appear
to give rise to smaller currents than other GABA, recep-
tors (Saxena and Macdonald, 1996; Haas and Macdonald,
1999; Bianchi and Macdonald, 2002; Bianchi et al., 2002;

Brown et al., 2002; Wohlfarth et al., 2002; Caraiscos
et al., 2004). Finally, (d) the increased magnitude of
GABA-evoked current, when subject to modulation by
steroids, is also accompanied by faster desensitization
(Bianchi et al., 2002; Wohlfarth et al., 2002). The pres-
ent finding that changes in [Cl™]; do contribute sub-
stantially to the current decay suggests that changes in
[CI™]; may contribute to or completely account for the
observed correlation between peak current amplitude
and current decay properties, for comparisons of the
types (a—d) described above. This is because larger cur-
rents imply larger changes in [Cl™];. We verified that
our model without true desensitization reproduced the
faster current decay that is seen experimentally (compare
Fig. 2 A, top and middle) when agonist concentration is
raised (Fig. 9, A and B) as well as when the conductance
is raised at constant agonist concentration (Fig. 9 C),
giving rise to a correlation between the peak current
and the rate and extent of current decay (Fig. 9 D). Thus,
a correlation between peak current amplitude and the
apparent desensitization, as observed under a wide
range of experimental conditions, should be expected
if the apparent desensitization is an artifact because of
[CI"]; changes.

Including outward CI~ transport in the model

As implicated by the slow recovery of [Cl]; (Fig. 7 B),
the outward transport of Cl™ after the influx during
GABA, or glycine receptor activation was slow. Thus, in-
corporating outward CI™ transport in our computational
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model did not significantly change the time course of
current or of [Cl™]; during the 20-s agonist applications
modeled (supplemental text, section VI).

Do changes in [CI7]; contribute to the current decay in

conventional whole cell and outside-out patch recordings?
Our findings above show that the recorded current dur-
ing GABA, and glycine receptor activation is expected
to decay rapidly also when the conductance does not
decay. This raised the question of the extent to which
the apparently rapid desensitization seen in other stud-
ies is an artifact. Computations that included the time
course of solution exchange showed that, in the present
work, it is not likely that rapid components of desensiti-
zation remained undetected because of insufficient
speed of solution exchange (supplemental text, section
VII). Because most previous studies of desensitization
were made with conventional whole cell or outside-out
patch recording techniques, we also considered the effects
of diffusional C1~ exchange between the cytosol and re-
cording pipette under such conditions. This was made by
including in the model the equations derived by Pusch
and Neher (1988) and by Mathias et al. (1990) to de-
scribe the diffusional exchange between small cells and
patch pipettes (supplemental text, section VIII). In ad-
dition, but in contrast to when the gramicidin-perforated
patch technique is used, a significant fraction of the
current across the cytosol-pipette intersection may
be carried by CI” moving into or out from the pipette.
This was also taken into account in the model by using
the expected transference number for C1~ (supplemen-
tal text, section VIII). Fig. 10 shows that changes in
[CI"]; are expected to affect the currents dramatically,
even in whole cell or outside-out patch recordings: A
decay of current that may be mistaken for desensitiza-
tion is caused by the change in [Cl ];. It should be
noted that this decay will be more rapid when the radius
of the cell/patch is smaller (Fig. 10 B), thus potentially

>

explaining the more rapid desensitization seen with
outside-out patches compared with whole cells (e.g., see
Bianchi and Macdonald, 2002). Considerable changes
in [Cl"]; and a mismatch between current and con-
ductance during conventional whole cell recording
were also observed experimentally (supplemental text,
section IX).

DISCUSSION

Here, we show that activation of GABA, or glycine re-
ceptors in central neurons may be accompanied by
dramatic changes in [Cl™];, and that such concentra-
tion changes may significantly influence the current
through the receptor channels. We provide experi-
mental as well as theoretical evidence thatsuch changes
in [Cl"]; cause the apparent cross-desensitization be-
tween responses to GABA and glycine. In addition, we
show that the decay of current in the presence of ei-
ther glycine or GABA is largely determined by changes
in [Cl™]; and that a true desensitization, meaning a
decay of conductance, plays a minor role only. Using a
computational model, we show that rapid changes of
[CI"]; are to be expected under a variety of recording
conditions when the Cl™ flux and cytosolic volume are
taken into account. We also show experimentally that
similar changes occur in several types of neuron. The
findings imply that a reevaluation of the desensitiza-
tion properties of GABA, and glycine receptors may
be needed: True desensitization may be considerably
slower than previously thought and in some cases pos-
sibly absent.

It may be expected that ion concentration changes
of a similar nature should take place also when other
types of large conductances are activated for long
durations and the affected volumes are small. Indeed, it
was reported at an early stage, by Frankenhaeuser and

Figure 10. Computed currents in
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cording to Mathias et al. (1990) for cell radii, r, as indicated. Note the faster decay but higher relative steady current (normalized to peak
current) at smaller radius. Maximum conductance per unit area constant for all simulations. R, as indicated. For all computations of
diffusional exchange (A and B), CI” movement between cytosol and pipette as a consequence of the electric current was also included.
(See supplemental text, section VIII, for equations.) Initial [Cl™ |; was as in the pipette solution, 5.4 mM.
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Hodgkin (1956), that a decline in voltage-gated K' cur-
rent was likely a consequence of K" accumulation out-
side the axonal membrane.

Cross-talk

Earlier mechanistic explanations for cross-talk between
glycine receptors and GABA receptors are diverse. Al-
though one of the early reports suggested changes in
[CI"]; as an underlying cause (Grassi, 1992), other ex-
planations have been dominating. Thus, several authors
suggest that the two agonists may activate a common con-
ductance (Barker and McBurney, 1979; Baev et al., 1992;
Lewis and Faber, 1993; Trombley et al., 1999; Amakhin
and Veselkin, 2010). A majority of later papers, however,
propose some communication, other than that medi-
ated by CI™ flux, between two different receptor types
(Li and Xu, 2002; Wu et al., 2002; Li et al., 2003; Breustedt
et al., 2004). However, the arguments against changes
in [Cl"]; are not convincing because in none of the
above studies was [Cl™]; properly estimated at different
times during GABA/glycine application and with con-
tribution of nonspecific conductances subtracted.

An argument for cross-talk that is often presented
and may first seem inconsistent with changes in [Cl™ ]; is
the non-additivity of current responses to GABA and to
glycine (Trombley et al., 1999; Li and Xu, 2002; Wu et al.,
2002; Li et al., 2003; Breustedt et al., 2004; Amakhin and
Veselkin, 2010). Our model predicts that at saturating
agonist concentrations, the currents should be additive
at the time of peak current. Why then are non-additive
peak currents often observed? A likely explanation is that
the R, of the recording pipette introduces an error that
will cause non-additivity of currents through indepen-
dent conductances (see Eqgs. 4-8). Even after R, com-
pensation, the remaining R, will affect the recorded
currents, especially when the conductance is large.

This study does not only demonstrate that dramatic
changes in [Cl™]; and V., do indeed occur. The theoret-
ical considerations show that, taking the current ampli-
tudes and cytosolic volumes into account, dramatic
changes in [Cl™]; must occur, unless some compensatory
mechanism counteracts such changes very rapidly. The
transfer rate of ion transport mediated by the ion chan-
nels of GABA, and glycine receptors is several orders of
magnitude higher than for carrier proteins (Hille,
2001). Thus, the carriers would have to outnumber the
ion channels by at least two orders of magnitude to ac-
count for such rapid compensation.

Determinants of current decay in the presence of agonist

Desensitization is a hallmark of most well-studied
ligand-gated channels and essential for many features
of synaptic transmission. Several early studies (Huguenard
and Alger, 1986; Akaike et al., 1987; Thompson and
Gahwiler, 1989b; Grassi, 1992; see also Le Foll et al.,
2000) showed that changes in [Cl™]; may contribute to

current decay at GABA, or glycine receptor activation.
Nevertheless, in a majority of studies, current decay in the
presence of agonist is taken to represent desensitization,
and changes in [Cl ™ ]; are not considered and the conduc-
tance is not directly measured. Although we do not ex-
clude the possible presence of rapid desensitization of
other receptor subtypes or in other conditions, this work
shows that desensitization of GABA and glycine receptors
in several types of central neurons is much slower than the
decay of current. To our surprise, we found that for several
cells, there was no or very little decay of conductance
during 20 s of agonist application. Remarkably, this was
true for GABA as well as for glycine. Thus, it is clear that
there are GABA, and glycine receptors that allow for a
strong, long-lasting action on neuronal signaling.

It may be noted that we frequently observed a rise in
conductance during a time interval between several
hundred milliseconds and a few seconds after the start
of ligand application (see Figs. 5, A, ¢, and B, ¢, and 6 B,
right). This rise is likely to, at least partly, be a result of
the parallel rise in [CI™ J;: For a constant Cl~ permeability,
the constant field equation (Goldman, 1943; Hodgkin
and Katz, 1949) predicts that the conductance should
rise with [Cl"]; (e.g., to 152% when [Cl"]; changes be-
tween ~18 and 54 mM, as between the two first conduc-
tance estimates in Fig. 5 A, ¢, and when conductance is
measured as described in Materials and methods).

Importantly, the computations made on the basis of
the theoretical framework presented showed that simi-
lar changes in [Cl™]; are to be expected from the Cl~
flux and cytosolic volume under a variety of recording
conditions, including conventional whole cell and out-
side-out patch recording. It should be noted that in the
latter conditions, the pipette and cytosolic volumes can-
not be expected to be in equilibrium when CI™ currents
are evoked by GABA or glycine. This is because equili-
bration, even with a low-resistance patch pipette, ac-
cording to available empirical evidence and theory, is
slow compared with the kinetics of GABA- and glycine-
evoked currents. This raises the possibility that the fast
desensitization observed in the majority of studies where
[CI"]; and conductances were not directly measured
may to some extent be an artifact. If this is the case, the
rate and extent of current decay (apparent desensitiza-
tion) should be correlated to the current magnitude
also in isolated membrane patches. Further, desensitiza-
tion should be considerably smaller or absent when ki-
netics is obtained from single-channel dwell times
rather than from current amplitudes. Remarkably, both
these predictions were fulfilled in a recent analysis of
heterologously expressed o3 glycine receptors: Cur-
rents in “macropatches” showed a variable but promi-
nent desensitization that was correlated to peak current
amplitude, but “single-channel recordings were well de-
scribed by a scheme that did not include any desensiti-
zation” (Pitt et al., 2008). Although not recognized by
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Pitt et al. (2008), it is striking that this is exactly what
should be expected if current decay is a result of changes
in CI” concentration and not to true desensitization.
Thus, it seems likely that, in many cases, earlier interpre-
tations of channel Kkinetics, including drug effects on
kinetics, may be mistaken.

From the reasoning above, it seems likely that very
slowly desensitizing or nondesensitizing glycine recep-
tors as well as GABA, receptors may be more common
than so far recognized. Such slowly desensitizing recep-
tors may be especially important for tonic inhibition
(compare Mtchedlishvili and Kapur, 2006; Lagrange
etal., 2007). For MPN neurons, where all fast inhibitory
postsynaptic currents are blocked by GABA, receptor
blockers (Hoffman et al., 1994; Haage et al., 1998;
Malinina et al., 2005; this study), the possibility that gly-
cine, taurine, or B-alanine is released nonsynaptically
from glial cells (Mori et al., 2002; Dopico et al., 2006)
and act at extrasynaptic receptors may suggest a func-
tional role for glycine receptors in these cells.

Similar changes in [Cl™]; that occur in the continued
presence of agonist, although likely smaller, may also be
expected during repetitive synaptic activation. Indeed,
even with sharp microelectrodes or conventional whole
cell recording techniques, which are expected to disturb
the cytosolic ion composition considerably, reduction in
GABA-mediated synaptic responses as a result of altered
Vo during repetitive synaptic activation has been recorded
(Thompson and Gahwiler, 1989a; Ling and Benardo,
1995; Chub and O’Donovan, 2001). Possibly, such
changes may be larger when the cytosol is less affected
by the recording techniques.

Slow restoration of [CI]; provides a basis for

interactive effects

This study showed that the recovery of conductance
after desensitization occurs with a time constant of ~10 s
(13 s for GABA and 14 s for glycine). This is in good
agreement with earlier reports (Jones and Westbrook,
1995; Le Foll et al., 2000). On the contrary, in this study,
restoration of the altered [CI™]; necessary for current
recovery was extremely slow when equilibration with
pipette Cl~ was prevented by gramicidin-perforated patch
recordings, with a time constant of ~1/2 h. Thus, the
effects of intense GABAergic or glycinergic stimulation
may be expected to induce dramatic and long-lasting
changes in the response properties of the cell. These
effects provide the basis for “cross-talk” between all sig-
naling systems that depend on [CI™];, e.g., between re-
sponses of GABA, receptors and glycine receptors
(apparent cross-desensitization). These effects thus dif-
fer from true desensitization in that (a) they may be
much more long-lasting, and (b) they will not be limited
to responses mediated by the same receptors that were
recently activated, but will be “sensed” by all receptors in
contact with the cytosolic space where CI™ equilibrates.

624 Desensitization of GABA, and glycine receptors

GABA/glycine receptor activation to alter [CI7];?

A previously unrecognized possibility, implied by the
present findings, is that prolonged GABA, or glycine
receptor activation may be used if rapid changes of
[CI"]; are advantageous for neuronal signaling. When
the V,, is determined mainly by other conductances,
GABA, or glycine receptor activation for a few seconds
will adjust [CI™ ]; roughly in accordance with a Vg corre-
sponding to that potential. Thus, we may speculate that
the same method as experimentally used to set [Cl ];
may possibly be used by the nervous system.

Changes in [Cl™ ]; occurring at a completely different
time scale, during individual development, are known
consequences of altered expression of Cl™ transporters
and are thought to play crucial roles for signaling in
the central nervous system, determining, e.g., whether
GABA, receptor activation will cause excitation or inhi-
bition (Rivera et al., 1999; Ben-Ari, 2002). There is also
evidence that more rapid changes in [Cl ];, albeit
slower and smaller than those reported here, may con-
tribute to disease. Intriguingly, activity-induced eleva-
tion of [Cl™]; may be a crucial step in the induction of
epileptic activity (Khalilov et al., 2003) as well as of neu-
ropathic pain (Coull et al., 2003). Elevated [Cl™]; may
also accompany deafferentation (Vale and Sanes, 2000)
and ischemia (Schwartz-Bloom and Sah, 2001). The
maintenance of such conditions has been attributed to
changes in Cl™ transporter activity (e.g., see Huberfeld
et al., 2007). Although down-regulation of the K-ClI co-
transporter KCC2 may take place at a surprising rate,
the time constant is still ~10 min or longer (Rivera et
al., 2004). The present findings lead us to the specula-
tion that direct influx of CI™ through slowly or nonde-
sensitizing GABA, receptors, or possibly glycine
receptors, may contribute to the induction or mainte-
nance of such pathological conditions by altering [C] ];
in a time scale of seconds or shorter.

Conclusions

In conclusion, this work shows that cross-talk, in the
form of apparent cross-desensitization, between GABA,
receptors and glycine receptors in MPN neurons from
rat depends on the changes in [Cl™]; that follow upon
receptor activation. We also show that such changes, in
several types of central neurons, are larger and quicker
than previously recognized, are to be expected if cur-
rent amplitude and cytosolic volumes are considered,
and are the main determinants of current decay at pro-
longed activation of either GABA, receptors or glycine
receptors. Thus, true desensitization, meaning a decay
of conductance, plays a minor role only, and may in
some cases be virtually absent even during 20-s applica-
tion of either GABA or glycine. The changes in [CI ],
which may be explored by using the simple theoretical
framework presented, are likely to be important for
neuronal information processing.
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