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Abstract:

Background: Thyroid hormones (THs) are well known for their genomic effects but recently several studies revealed their actions

as rapid modulators of membrane receptors. In particular, fast thyroxine effect on GABAA receptors have been reported. We ad-

dressed question whether presynaptic mechanisms can be also involved in modulation of GABAergic transmission by thyroxine.

Methods: Using patch-clamp technique we examined fast effects of thyroxine (2 µM) on evoked GABAergic postsynaptic currents.

Results: We found that in addition to the inhibitory effect on IPSC amplitude, thyroxine changed IPSC coefficient of variation (CV).

Conclusion: This result suggests involvement of a presynaptic mechanism in thyroxine effect on GABAergic transmission.
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Introduction

Besides their important role in regulation of cell me-

tabolism, thyroid hormones (THs) have critical roles

in brain development and normal brain function in

vertebrates [19, 21]. For instance, hypothyroidism, es-

pecially during CNS development, can lead to struc-

tural and functional changes, resulting in mental retar-

dation. On the other hand, the adult-onset thyroid dys-

function is also often associated with neurological and

behavioral abnormalities [9]. The link between altered

THs levels and mental disorders, such as cognitive

impairment, depression and anxiety is well docu-

mented [1, 5, 18], but the underlying mechanism is

not well understood.

For a long time most (if not all) of THs effects were

thought to be mediated by nuclear thyroid receptors

(TRs), regulating genes expression, however, in the

last decade several rapid effects of THs, which are not

mediated by this mechanism and involve other than

nuclear TRs, have been documented [2]. Nongenomic

THs effects are initiated at the plasma membrane re-

ceptor for iodothyronines identified as integrin avb3
[10]. Recently, several studies revealed THs actions

as rapid modulators of glutamate and GABA recep-

tors. Namely, fast effect of THs (in the micromolar

range) on NMDA [11] and GABAA [14] receptors has

been reported. Already published results suggest that
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THs may also affect GABAergic synaptic transmis-

sion presynaptically. Indeed, frequency of spontane-

ous IPSCs (recorded in tetrodotoxin (TTX) absence)

was decreased in THs presence in a fraction of re-

corded neurons [14], suggesting a decrease of neu-

ronal firing of GABAergic neurons (however, since

the amplitude of IPSCs in thyroxine presence was de-

creased, a possibility that the number of IPSCs was

underestimated cannot be excluded). On the other

hand, question regarding presynaptic effect of THs on

strength of GABAergic synapses (responses evoked

by a single action potential in a presynaptic neuron)

has not yet been studied. We addressed this question

in the rat hippocampal cell cultures.

Materials and Methods

Animals

Albino Wistar rat pups were housed with their dams

under a constant 12/12 h light/dark cycle at 22–24°C

in the institutional animal facility and removed from

the litter no more than half an hour before sacrifice.

All procedures used in this study were approved by

the Animal Care Committee of Bogomoletz Institute

of Physiology and conform to the Guidelines of the

National Institutes of Health on the care and use of

animals.

Chemicals

All chemicals were purchased from Sigma (St. Louis,

MO, USA).

Electrophysiological recordings

To study effects of thyroxine on GABAergic synaptic

transmission we used cultures of hippocampal neu-

rons, preparations, which allowed us to study rela-

tively easily responses evoked by the stimulation of

a single presynaptic neuron. Cell cultures were pre-

pared as described previously [20]. All cultures were

kept at 36°C in humidified air with 5% CO2 and were

used for the experiments 14–22 days after plating.

Unless otherwise noted, relatively low-density areas

of coverslips with cultured cells (2–5 neurons in

400 µm diameter view-field) were selected for the ex-

periments. Synaptic responses were evoked by apply-

ing voltage pulses (0.2–1 ms, 20–100 V) to an extra-

cellular electrode (a patch electrode filled with the ex-

tracellular solution) positioned in the vicinity of the

presynaptic neuron soma or neurite. Such an approach

allows local (“down to” a single synaptic bouton) ex-

tracellular stimulation [5]. Whole-cell patch-clamp

technique was employed to record responses (IPSCs)

from postsynaptic neurons. Slow (as compared to glu-

tamatergic) evoked responses were assumed to be me-

diated by GABAA receptors since they reversed near

the chloride equilibrium potential (this was checked at

the beginning of each experiment) and were blocked

by bicuculine (10 µM). Experiments were done at

room temperature (20–22°C). The intracellular solu-

tion contained (in mM): Cs gluconate 100, CsCl 30,

MgCl2 4, Na2ATP 4, EGTA 2, HEPES 10. The extra-

cellular solution contained (in mM): NaCl 140, KCl 4,

CaCl2 2, MgCl2 1, HEPES 10, glucose 10; pH of all

solutions was 7.4. Ten micromoles of CNQX and

50 µM of APV were added to extracellular solution to

block ionotropic glutamate receptors to study pharma-

cologically isolated GABAergic responses.

Thyroxine was gently added directly in a corner of

a static bath (2 ml) to obtain a final desired concentra-

tion. Digitized currents were analyzed using ANDA-

TRA software kindly provided by Yaroslav Boychuk

(A.A. Bogomoletz Institute of Physiology, Kiev,

Ukraine). Because cell-to-cell IPSC amplitudes, paired

pulse ratio (PPR) and coefficient of variations (CV)

were quite variable, the values were normalized to

control. Control values were: IPSC amplitude – 388.7

± 41.8 pA, PPR – 0.7 ± 0.048, CV – 0.083 ± 0.0094.

The data are presented as the mean ± SEM. Wilcoxon

singed rank test was used for statistical comparisons.

Results and Discussion

In this work we used a protocol similar to that de-

scribed previously [6]. Briefly, a presynaptic neuron

was extracellularly stimulated by a pair of pulses (in-

terstimulus interval in a pair 100 ms) every 4 s (exam-

ples of original traces are shown in Fig. 1A). The sec-

ond stimulus in the pair was delivered to address

a question of a possible thyroxine effect on PPR, an

indicator of the involvement of a presynaptic mecha-

nism in modulation of synaptic transmission (in par-
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ticular for GABAergic [22]). After at least 40 such

control sweeps, thyroxine was added to the bath to

reach a final concentration of 2 µM, then at least 60

more sweeps were collected. Beside IPSC amplitudes,

we were able to compare possible thyroxine effects on

paired-pulse ratio and IPSC CV, known indicators for

involvement of presynaptic mechanisms in modula-

tion of synaptic transmission [8, 13, 22]. For quantita-

tive comparisons we used the following approach.

Because cell-to-cell IPSC amplitudes were quite vari-

able, the values were normalized to control (similar

approach was also used for PPR and CV values). Ar-

bitrarily, the control period was subdivided into two

intervals (20 IPSCs each), ‘thyroxine’ period – into

three intervals (one for 15 IPSCs starting immediately

after thyroxine addition and two later ones for 20

IPSCs each) as shown in Figure 1B. To minimize er-

rors due to non-stationarity, the values were calcu-

lated separately for each interval, for the same reason

CV was not calculated for 15 IPSCs right after thy-

roxine addition.

We found that 25 s after thyroxine application, the

IPSC amplitude was substantially decreased as com-

pared to control (Fig. 1A, B). On average (for time in-

tervals marked 4–5 versus 1–2) the decrease of IPSC

amplitude was 22.7 ± 5.3% (n = 10), the decrease was

statistically significant (p < 0.01; Wilcoxon signed rank

test). There were no statistically significant changes

of PPR (Fig. 1C), on average PPR in thyroxine pres-

ence was 98.2 ± 4.1% (n = 10) of control (p > 0.74;

Wilcoxon signed rank test). On the other hand, the de-

crease of IPSC amplitude in thyroxine presence was

accompanied by an increase of IPSC CV (Fig. 1D).

On average, CV of the IPSC was increased by 48.9

± 24.2% (n = 10) as compared to control. The increase

of IPSC CV was statistically significant (p < 0.05;

Wilcoxon signed rank test).

THs regulate genes expression by binding to spe-

cific nuclear thyroid receptors (TRs), but several rapid

effects of THs are not mediated by this mechanism

and involve other than nuclear TRs [2]. The latter is

the case for fast effect of THs on glutamatergic [11]

synaptic transmission. Besides glutamatergic trans-

mission, rapid effects of thyroxine on responses to ex-

ogenous GABA and spontaneous GABAergic IPSCs

(recorded in the absence of TTX) have been recently

demonstrated [14]. These results convincingly dem-

onstrate the involvement of a postsynaptic mechanism

in modulation of GABAergic transmission by thyrox-

ine. On the other hand, possible involvement of a pre-

synaptic mechanism in the modulatory effect of thy-

roxine on GABAergic transmission has not been stud-

ied. In our present work, we studied thyroxine effect

on evoked GABAergic IPSCs. This allowed us to esti-

mate thyroxine effect on paired-pulse ratio and IPSC

coefficient of variation, known as indicators for in-

volvement of presynaptic mechanisms in modulation

of synaptic transmission [8, 13, 22]. In our experi-

ments, we observed the increase of IPSC CV but no

changes of the PPR. Assuming that simple binomial

distribution [17] applies to transmitter release, these
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Fig. 1. Rapid effect of thyroxine on evoked GABAergic IPSCs. (A) Ex-
amples of original traces before and after thyroxine application. Thy-
roxine concentration was 2 µM, holding potential was –60 mV. Hori-
zontal dotted lines denote baselines used for IPSC1 (I1) and IPSC2
(I2) amplitude measurement. (B) Average time course of the thyrox-
ine effect (n = 10). Ordinate – normalized IPSC1 amplitudes (ampli-
tudes of the first IPSC in each pair). Arbitrarily, control period was
subdivided into two intervals (20 IPSCs each), ‘thyroxine’ period into
three intervals (one for 15 IPSCs starting immediately after thyroxine
addition and two later ones for 20 IPSCs each) marked by numbers
(1–5). (C and D) Bar graphs summarizing effects of thyroxine on IPSC
paired-pulse ratio (C) and CV (D) for periods marked by numbers
in B. Because of apparent non-stationarity of IPSC amplitude CV was
not calculated for period 3, n = 10



results suggest that number of release sites (N) is de-

creased in thyroxine presence, while probability of re-

lease (P) is not changed. Indeed, PPR provides

a coarse estimate of the probability of transmitter re-

lease [7], and is not changed by changes of synaptic

release sites [12]. Although within more complex

models of transmitter release CV can also be affected

by variability in quantal amplitude or release prob-

ability [4], our results are most simply explained by

a decrease in quantal content [12]. Thus, we con-

firmed previous observation [14] about rapid modula-

tory effect of thyroxine on GABAergic transmission

and obtained evidence that part of this effect is pre-

synaptic. Possibility that a decrease of spontaneous

IPSCs could be due to a presynaptic mechanism was

stated earlier by Puia and Losi [14], additionally

quantitative comparison of their results can be inter-

preted as an evidence for involvement of presynaptic

mechanisms in modulation of strength of GABAergic

synapses. Namely, according to their data [14], thy-

roxine at 10 µM decreased responses to exogenous

GABA by 20%, while its effect on the amplitude of

spontaneous GABAergic IPSCs was about two times

larger (40–50%) [14]. While, it may be hypothesized

that the latter is due to preferential thyroxine effect on

neuronal firing of inhibitory interneurons producing

large-amplitude IPSCs, taken together with our obser-

vation about the increase of IPSC CV, involvement of

presynaptic mechanisms in modulation of strength of

GABAergic synapses is rather sufficient.

Although THs brain levels are rather in the nano-

molar range, it was reported that these hormones can

accumulate in nerve endings [3] reaching high con-

centrations in synaptosome, especially during hypo-

thyroidism [16]. Thus, it is conceivable that in the

synaptic cleft THs could reach concentrations high

enough to directly modulate inhibitory neurotransmis-

sion. These arguments, used by Losi et al. [11] to

prove physiological relevance of their finding regard-

ing THs effects in the micromolar range on glutama-

tergic synaptic transmission, to some extent, also ap-

ply to our results.

To conclude, previous work [14] documented in-

volvement of a postsynaptic mechanism in modula-

tion of GABAergic transmission and indicated that al-

teration of firing of GABAergic neurons also occurs

in thyroxine presence in some cases. In our work, we,

for the first time, presented the evidence indicating

that a presynaptic mechanism is involved in modula-

tion of strength of GABAergic synapses by thyroxine.

Further study is required to elucidate this mechanism.

Since the decrease of GABAergic signaling is in-

volved in anxiety and sleep disorders [15], the effects

of thyroxine on GABAergic transmission may be of

importance at physiological level.
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