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Electrophysiology of GABAergic transmission of single
intergeniculate leaflet neurons in rat
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The intergeniculate leaflet (IGL) of the thalamus constitutes a small but important part of the neural network controlling
circadian activity in rodents. It appears that IGL integrates photic cues from retina with non-photic information originating
from different nonspecific brain systems. Subsequently, this integrated signal is passed to the master biological clock — the
suprachiasmatic nuclei (SCN). The common neurotransmitter of biological clock neural structures, the y-amino-butyric acid
(GABA) is expressed in many, if not all, IGL and SCN neurons. Whole-cell patch clamp in vitro electrophysiological
experiments were performed in order to evaluate GABA’s influence on single IGL neurons in rat. Most neurons were
hyperpolarized by GABA application and this effect was caused by activation of GABA, as well as GABA, receptors. The
presence of GABA, receptors in rat’s IGL has been suggested for the first time.
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INTRODUCTION

The intergeniculate leaflet of the thalamus (IGL) is
a narrow brain structure interlaid between the dorsal
and ventral parts of the lateral geniculate nucleus of
rodents (Moore and Card 1994). These small but
important bilateral structures are known to modulate
circadian rhythms, staying in reciprocal connection
with the master biological clock generators — the
suprachiasmatic nuclei of the hypothalamus (SCN)
(Moore and Card 1994, Harrington 1997). Despite the
presence of a few peptides located in IGL neurons,
which are a key factor in differentiating the nucleus
subpopulations, all IGL cells express the y-amino-
butyric acid (GABA) (Moore and Speh 1993). The first
neuronal group, distinguished by the expression of
enkephalin (ENK), connects two contralateral IGLs
(Takatsuji and Tohyama 1989, Harrington 1997), has
a direct retinal innervation (Juhl et al. 2007) and
exhibit an infra-slow (<0.1 Hz) oscillatory pattern of
neuronal activity in vivo (Blasiak and Lewandowski
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2013). The other IGL subpopulation expresses an
important brain modulator — neuropeptide Y (NPY)
(Harrington 1997). NPY-positive fibres originating
from IGL are abundant in SCN (Card and Moore 1989,
Saderi et al. 2013), and the NPY receptors coexist in
pre- and postsynaptic sites on SCN neurons (Chen and
van den Pol 1996). It is known that NPY can produce
circadian phase shifts (Jacob et al. 1999, Lewandowski
and Usarek 2002, Lall and Biello 2003). Putatively, the
main function of IGL is collection and integration of
the photic information from retina with non-photic
cues mediated by non-specific brain systems
(Harrington 1997). It has been proposed that ENK
neurons modulate the NPY cells activity and the com-
prehensive information is relayed to the SCN (Blasiak
et al. 2006). It is worth mentioning here, that all the
described interplays between either IGL cells on their
own, or IGL cells projecting to the SCN, and finally
those within the SCN, are GABAergic in their neuro-
chemical nature (Moore and Speh 1993).

GABA is a very common neurotransmitter in the
central nervous system and the most important inhibi-
tory substance in the adult brain (Roberts 2007). There
are three types of GABA receptors: GABA, — the
ligand gated chloride channel; GABA,— the G protein
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coupled matabotropic receptor and GABA. (sometimes
called GABA ,-p) — the ionotropic receptor abundantly
expressed in retina (Bormann and Feigenspan 1995).
GABA has been described as the cardinal transmitter
of the mammalian biological clock, not only being
present in the key structures of the time-keeping sys-
tem such as the IGL or SCN (Moore and Speh 1993,
Wagner et al. 1997), but also having a powerful impact
on the activity of intrinsic biological clock cells (Liu
and Reppert 2000, Ehlen et al. 2006). Unique to the
SCN, the circadian action of GABA varies due to
changes in the intracellular chloride anion concentra-
tion (Marcel and Pennartz 2002). It has been shown
that GABAergic compounds cause phase shifts in the
circadian rhythms (Biggs and Prosser 1998) and alter
the biological clock responses to light (Gillespie et al.
1999, Hamada and Shibata 2002, Mintz et al. 2002,
Ehlen and Paul 2009) or non-photic stimuli (Gillespie
et al. 1997). Accordingly, benzodiazepines (GABA ,-
targeted drugs commonly used in humans) influence
the rhythmic processes of their recipients, having
direct impact on the GABAergic structures of the bio-
logical clock (Strecker et al. 1999). Interestingly, the
phase shifting effect of triazolam is abolished after

Fig. 1. The intergeniculate leaflet of the thalamus (IGL)
localized on the brain slice (100x magnification) with the
recorded neuron (white arrow); (DLG) dorsal lateral genicu-
late nucleus; (VLG) ventral lateral geniculate nucleus; (MG)
medial geniculate nucleus. The scale bar is 100 um.

IGL lesions (Johnson et al. 1988). In case of SCN, it
has been found that GABA , receptors are located post-
synaptically on clock cells (Belenky et al. 2003) and
modulate the gap junctions (Shinohara et al. 2000),
whereas GABA, receptors are expressed presynapti-
cally (Chen and van den Pol 1998) and modulate the
release of other neurotransmitters involved in tuning
the circadian activity of SCN cells (Jiang et al. 1995).
As yet, very little research has been conducted in the
field of GABAergic transmission within the IGL.

Immunohistological studies revealed the presence
of GABA, receptors on GABAergic IGL cells, with
different subunit compositions expressed over the
soma and the neuropil (Gao et al. 1995). The experi-
ments carried out in our laboratory indicated that
blockade of GABA, receptors by bicuculline or picro-
toxin, disrupts the infra-slow oscillation of the IGL
neurons in vivo (Blasiak and Lewandowski 2004).
Moreover, IGL receives GABAergic inputs from such
nuclei as the SCN and retrochiasmatic and anterior
hypothalamic areas (Vrang et al. 2003).

Therefore, the aim of the study was to evaluate the
sensitivity of IGL neurons to one of the most important
endogenous neurotransmitters of biological clock. In
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Fig. 2. Representative recording from an IGL neuron.
Influence of GABA (100 uM, black bar) on the firing rate in
nACSF (above — frequency histogram; below — CC record-
ing). Downwards deflections represent the responses of the
IGL cell to a hyperpolarizing current injection (80 pA).
About 200 s was needed to substance reach the recording
chamber and that is why shift in response is observed.



order to deepen our understanding of IGL physiology,
our study focuses on the GABAergic transmission of
single IGL neurons and suggests the possible role of
both GABA, and GABA, receptors. This research not
only characterizes the miniature synaptic chloride cur-
rents via GABA, receptors, but represents a complex
description of the direct electrophysiological effects of
GABAergic compounds on the spontaneous neuronal
activity of IGL cells in vitro.

METHODS
Preparation

All experiments were performed in accordance with
the European Community Council Directive of 24
November 1986 (86/0609/EEC) and the Polish Animal
Welfare Act of 23 May 2012 (82/2012). They were
approved by the Local (Krakow) Ethics Commission.
For electrophysiological experiments animals (14 to 18
days old) were held in the 12 h/12 h light/dark condi-
tions (light on 08:00 aMm; light off 08:00 pm) with water
and food ad libitum in Jagiellonian University Animal
Facility. Care was taken to minimize the suffering and
a number of animals used. For electrophysiological
experiments, 12 young male Wistar rats were used.
Animals were anesthetized with izoflurane (2 ml/kg
body weight, Baxter) and decapitated between 1 and 2
Zeitgeber time (ZT, 09:00-10:00 Am). The brain was
quickly removed from the skull and immersed in cold
(<4°C) artificial cerebrospinal fluid (ACSF), com-
posed of (in mM): NaCl 118, NaHCO, 25, KCI 3,
NaH,PO, 1.2, CaCl, 2, MgCl, 2, glucose 10 (pH=74;
osmolality ~295 mOsmol/kg). Brain slices, 250 um in
thickness, were cut on a Leica vibrotome (VT1000S,
Heidelberg, Germany) and then those containing the
IGL were placed in a pre-incubation chamber for 60
min at 32°C. Subsequently, each slice with the investi-
gated structure was transferred to the submerged
recording chamber and perfused continuously with
oxygenated ACSF (95% O,, 5% CO,), at room tem-
perature (21°C).

Electrophysiological recordings and data
analysis

Using the patch-clamp technique, recordings were
obtained from single IGL neurons. All recordings
were performed between 4 and 10 ZT using borosili-
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cate glass pipettes (Sutter Instruments, Novato, USA;
resistance 6—9 MQ) that were filled with an internal
pipette solution containing, (in mM): potassium glu-
conate 125, KC1 20, HEPES 10, MgCl, 2, Na,ATP 4,
Na,GTP 0.4, EGTA 1 and 0.1% biocytin (pH=7.4
adjusted with 5 M KOH; osmolality ~300 mOsmol/kg;
E.,=—43 mV, E,,.=—98 mV). For the recording of min-
iature inhibitory postsynaptic currents (mIPSC) inter-
nal pipette solution with increased KCI concentration
(129 mM) instead of potassium gluconate (16 mM)
was used to obtain a symmetrical concentration of CI
across the membrane. The recording electrode was
placed in the IGL region under visual, microscopic
control. Recorded neurons were visualized with a 40x
objective on a Zeiss Examiner microscope fitted with
infrared differential interference contrast (Gottingen,
Germany). When desired, a whole-cell configuration
was obtained by using negative pressure applied from
aEz-gSEAL100B Pressure Controller (Neo Biosystem,
San Jose, USA), and spontaneous activity in current
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Fig. 3. Representative recording from an IGL neuron.
Application of GABA (100 uM) in the presence of bicucul-
line (Bic, 20 uM, gray bar; above — frequency histogram;
below — CC recording). Downwards deflections represent
the responses of the IGL cell to a hyperpolarizing current
injection (80 pA). About 200 s was needed to substance
reach the recording chamber and that is why shift in response
is observed.
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Fig. 4. (A) Representative postsynaptic effect of GABA (100 uM, black bar) in the ACSF containing TTX (0.5 pM, grey
bar); (B) effect of baclofen (Bacl, 10 uM, black bar) in the presence of TTX (0.5 uM, grey bar). About 200 s was needed to

substance reach the recording chamber and that is why shift in response is observed.

clamp (CC, current: 0 nA) or voltage clamp mode
(VC, voltage: =75 mV) was recorded. During each
recording in CC, rectangular pulse currents (1 s, 80
pA) were injected to monitor membrane resistance.
For recording, Spike2 and Signal software (CED,
Cambridge, UK) were used. The recorded signal was
amplified by a SC 05LX (NPI, Tamm, Germany)
amplifier, digitalized by a Microl401 mkIII A/D con-
verter (CED) and stored on the computer hard disk.
The signal was low-pass filtered at 3 kHz and digi-
tized at 15 kHz. Neurons with a membrane potential

more positive than =35 mV (—50 mV when adjusted for
the junction potential) were excluded from further
analysis.

Analysis was performed in MATLAB (MathWorks,
Inc., USA) and Statistica 10.0 (StatSoft, Inc. USA)
software. Changes in firing rate or membrane potential
were considered to be significant if they differed from
baseline by more than three standard deviations (SDs).
All data was expressed as mean value +SEM. The
Wilcoxon test and paired #-test were used, and P<0.05
was considered as significant.
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Fig. 5. (A) Change in the firing rate after application of GABA (100 uM, Wilcoxon test, ***P<0.0001, n=14); (B) com-
parison of the change in the firing rate caused by GABA application and a second application of GABA in the presence of
bicuculline (GABA 100 uM, Bic 20 uM, Wilcoxon test, **P<0.001, n=12); (C) comparison of change in the membrane
potential caused by GABA application and following application of baclofen (GABA 100 uM, Bacl 10 uM, paired ¢-test,
*P<0.05, n=7); (D) Change in the membrane potential after application of GABA (GABA 100 uM, paired #-test, **P<0.001,
n=11); (E) comparison of the change in the membrane resistance caused by GABA application and following baclofen appli-
cation in the presence of TTX (GABA 100 uM, Bacl 10 uM , TTX 0.5 uM, Wilcoxon test, *P<0.05, n=7).
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Fig. 6. The depolarization of an IGL neuron by GABA (100 uM, black bar) application. (A) The change in membrane poten-
tial of the silent neuron in nACSF after application of the drug; (B) the membrane potential of an IGL neuron after applica-
tion of the drug in ACSF enriched in TTX (0.5 uM). About 200 s was needed to substance reach the recording chamber and

that is why shift in response is observed.

Immunohistochemistry

At the end of each electrophysiological experi-
ment, slices with the tested cell were fixed in 4%
paraformaldehyde in phosphate-buffered saline
(PBS, pH 7.4) at 4°C over night. After that, the
slices were rinsed in PBS (2x10 min) and subse-
quently placed in a 0.6% solution of Triton X-100 in
PBS for 24 h. In order to visualize cells filled with
biocytin the slices were incubated in PBS contain-
ing ExtrAvidyn conjugated Cy3 (1:250). At the end,
the slices were rinsed again in PBS and mounted on
gelatine-coated glass slides with glycerol (Sigma-
Aldrich). After completion of the histological proce-
dure, the slices were viewed under an Axiovert 200
confocal microscope equipped with LSM 510
META confocal module (Zeiss, Jena, Germany).
The images were further analyzed with AxioVision
(Zeiss) software.
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Reagents

Stock solutions of: GABA (Sigma-Aldrich),
Bicuculline (Bic, Tocris, Bristol, UK), Baclofen (Bacl,
Sigma-Aldrich), Kynurenic acid sodium salt (Kyn,
Tocris, Bristol, UK) and tetrodotoxin (TTX, Tocris,
Bristol, UK) were prepared in distilled water (100x
concentrated) and kept at —20°C. Working solutions:
GABA 100 uM, Bic 20 uM, Bacl 10 uM, Kyn 20 uM
and TTX 0.5 uM were prepared fresh in ACSF on the
day of experiment. All drugs were delivered by bath
perfusion and ~200 s was needed for the substance to
reach the recording chamber.

RESULTS

The IGL neurons were identified as a group of
neurons oriented perpendicularly to the long axis of
IGL from the young pups (Fig. 1). In total 34 neu-

Fig. 7. Representative VC recording (holding voltage: =75 mV) with mIPSC in the presence of TTX (0.5 uM) and kynuren-

ic acid sodium salt (20 pM).
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rons were recorded: 19 and 15 in CC or VC mode,
respectively. In the current clamp mode most of the
IGL neurons were spontaneously active, with a mean
firing rate of 2.74+0.68 Hz (n=14). A minority of
neurons were silent in the normal ACSF (nACSF),
with a mean membrane potential of —74.35+£3.07 mV
(n=5). GABA application (100 uM) caused a sig-
nificant decrease in firing rate in all spontaneously
active neurons, with a mean change —2.04+0.43 Hz
(from 2.744+0.68 Hz to 0.75+0.32 Hz, n=14, Figs 2
and 5A) and hyperpolarization in silent neurons
with a mean change -2.09+£1.26 mV (from
—71.42+4.52 mV to —74.90+4.07 mV, n=3, data not
shown) or depolarization with a mean change
9.40+6.70 mV (from —78.74+1.04 mV to —69.34+5.95
mV, n=2, Fig. 6A). In order to evaluate whether the
effects of GABA were pre- or postsynaptic, we
added TTX (0.5 uM) to the nACSF, which blocked
voltage gated sodium channels. Under these condi-
tions, GABA caused hyperpolarization with a mean
change of —3.24+0.43 mV (from —61.15+3.32 mV to
—64.39+£3.38 mV, n=8, Fig. 4A) and in three cells
GABA caused depolarization, with a mean change
of 1.88+£0.55 mV (from —-64.08£4.02 mV to
—62.55+4.73 mV, n=3, Fig. 6B). In both cases a sig-
nificant decrease in input resistance, with a mean
change of 215+45 MQ (from 692+57MQ to 492+53
MQ, n=11, Fig. 5D) was observed.

Our next question was which GABA receptor is
involved in the response to GABA. In the case of 12
neurons from a total of 19 recorded in CC mode, we
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Fig. 8. Mean values of amplitude and frequency of mIPSCs
plotted against each other. Each dot represents a measure-
ment from one the IGL neuron.

checked if the effect of GABA was blocked by
a specific GABA, antagonist — bicuculline. In the
presence of bicuculline (20 uM), GABA (100 puM)
was applied again and we observed the small
increase in firing rate with a mean change of
0.0940.26 Hz (from 3.05+0.81 Hz to 3.14+0.89 Hz,
n=12, Figs 3 and 5B). This effect was not accompa-
nied by a statistically significant change in the
input resistance (data not shown). As a next step we
checked if GABA; receptors are involved in the
observed responses. In the case of 7 neurons we
applied baclofen — a specific agonist of GABA,
receptors, in the presence of TTX in ACSF.
Hyperpolarization was observed, with a mean
change of —4.17+0.87 mV (from —65.894+2.36 mV to
—70.06+£2.68 mV, n=7, Figs 4B and 5C) after baclofen
application. A statistically significant decrease in
input resistance, with a mean of change of 25+21
MQ (n=7, Fig. 5E), was also observed.

We also performed recordings in VC mode in
order to evaluate miniature IPSCs (mIPSCs). We
used ACSF with additional TTX and kynurenic acid,
to isolate recorded neurons and to block glutamater-
gic transmission. Intrapipette solution was enriched
in chloride ions (see section Methods). mIPSCs were
present in all recorded cells (#=15, Fig. 7), the mean
amplitude was 4243 pA and the mean frequency was
1.024+0.1 Hz. To check if there are any distinguish-
able groups of GABAergic neurons in the IGL based
on mIPSC characteristics, we plotted mIPSC mean
amplitude against mean frequency. In neither case,
for either parameters of mIPSC, did the recorded
neurons form identifiable clusters (Fig. 8).

DISCUSSION

In this study we have shown the variability in the
neuronal responses of single IGL neurons to GABAergic
compounds. We have found that application of GABA
(100 uM) significantly decreased the input resistance
of IGL neurons which suggests its main action is via
the ionotropic GABA , receptor. Because of the evoked
chloride current, a decrease in the firing frequency
was the accompanying effect observed in all spontane-
ously active neurons (n=14). This effect was dose
dependent. The observed effects of GABA on the
membrane potential were, however, not identical in all
the tested neurons, both the silent neurons in nACSF
and the cells tested in the presence of TTX (0.5 uM) in



ACSF. Cumulatively, 11 cells were hyperpolarized and
2 were depolarized by GABA. This discrepancy may
be explained by the mechanism of GABA action on
two different GABAergic receptors (GABA, and
GABA,;) and their distinct expression on the cellular
membrane of IGL cells. A higher proportion of GABA ,
receptors should act to shift the membrane potential
towards the reversal potential of the chloride ions
(=43 mV in our research), which causes depolarization.
In contrast the GABA, receptors, functionally coupled
mainly with the potassium channels, which reversal
potential in our conditions was —98 mV, can explain
hyperpolarization. The other possible factor is the
variability of resting membrane potentials of the record-
ed cells (which are not only dependent on the chloride
ions), which can be changed by GABA to either more
depolarized or hyperpolarized values.

Membrane potential depolarization by an inhibiting
neurotransmitter has been previously described in the
developing brain. In adult, under physiological condi-
tions, SCN neurons can perform excitatory responses
after GABA application during the day (Wagner et al.
1997). This activation is dependent on the chloride co-
transporter (sodium-potassium-chloride co-transporter,
NKCC) and subsequent transient calcium current (Choi
et al. 2008). The probable mechanism suggests that the
high concentration of chloride ions in the neuronal
cytoplasm caused by NKCC activation leads to reversal
of the ionic current and therefore depolarization after
GABA binding to the GABA, receptor. Another study
highlights the role of L-type calcium channels (Irwin
and Allen 2009). In our whole-cell patch clamp research,
the concentration of chloride ions inside the recorded
neuron was set by the intra-pipette solution. That is
why, accumulation of chloride anions caused by active
NKCC seems unlikely. However, we are not able to
exclude a fundamental role for calcium currents acting
via L-type channels in the observed depolarization.

To check the possible role of GABA, receptors in
modulating the spontaneous activity of IGL neurons,
we applied GABA (100 pM) in the presence of
a GABA,, receptor blocker — bicuculline (20 uM, n=13).
Although the changes evoked were not statistically
significant, either in terms of the firing rate or the input
resistance, we could observe slight perturbations in
neuronal activity — an increase or decrease in the firing
rate. The probable explanation for this variability in the
responses stems from two opposing factors influencing
membrane potential — membrane hyperpolarization via
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GABA, receptors on the recorded cell vs. network dis-
inhibition caused by the influence of GABA on other
IGL GABAergic interneurons preserved in the brain
slice. Based on this rationale, we used a specific
GABA; receptor agonist — baclofen (10 uM), in the
presence of TTX (0.5 uM) in ACSF (n=7) to exclude
the impact of neighbouring neurons. For the first time,
we have shown the hyperpolarizing effect of GABA
compounds on IGL cells via GABA,; receptors and
therefore we suggest the expression of those receptors
by IGL neurons. The change in the membrane potential
was accompanied by a decrease in the input resistance,
probably deriving from the enhancement of potassium
conductance. Our findings, regarding the role of both
GABA, and GABA; receptors in IGL neuron inhibi-
tion, could be compared to related brain structures in
which GABA exerts similar effects through the same
pathways. Indeed, both GABA, and GABA; receptors
in SCN play different roles in circadian timing system
physiology (Jiang et al. 1995, Chen and van den Pol
1998, Shinohara et al. 2000, Belenky et al. 2003).
Moreover, the dorsal and ventral part of lateral genicu-
late nucleus, the neighbouring and interrelated nuclei,
are known to be differentially controlled via GABA,
and GABA receptor pathways (Soltesz et al. 1989, Zhu
and Lo 1999, Bright et al. 2007).

To supplement our research into GABAergic modu-
lation of IGL neurons, we conducted experiments in
voltage clamp mode in order to measure the GABAergic
spontaneous synaptic activity. The presence of mIPSCs
indicates that all the recorded neurons (n=15) were
innervated by GABAergic cells. Moreover, we could
not distinguish any groups based on different ampli-
tudes or frequency of mIPSC. This result emphasizes
the leading role of GABA as the main neurotransmitter
of time keeping neuronal structures, although dense
GABAergic projections coinciding with high frequen-
cy mIPSCs are common in many brain structures
(Kusek et al. 2010, Szczot et al. 2010). The synaptic
inputs may come from the surrounding IGL neurons as
well as from more remote neuronal populations (Vrang
et al. 2003).

CONCLUSIONS

The important role of GABA in the physiology of
IGL was previously a topic of research in our labora-
tory (Blasiak and Lewandowski 2004). However, the
in vivo studies indicating that GABAergic transmis-
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sion takes part in generating the ISO pattern of neu-
ronal activity could not answer our question regarding
the direct effects of GABA on IGL neurons. It is worth
mentioning here that the research into serotonergic
modulation of IGL by dorsal raphe GABAergic neu-
rons (Blasiak et al. 2006) cannot exclude the role of
GABA in the observed effect of ISO disruption after
stimulation of dorsal raphe in vivo. The present
research is also an important addition to our latest in
vitro study concerning the direct depolarizing effect of
serotonin on single IGL neurons (Palus et al. 2013),
and can partially explain discrepancies between the
opposing effects of this neurotransmitter under differ-
ent conditions. Therefore, the probable role of GABA
in the IGL neuronal network is highly complex, and
further research clarifying the interactions between
GABA and other neurotransmitters conveying photic
and non-photic information is certainly needed.
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