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Abstract

The effects of addictive drugs most commonly occur via interactions with target receptors. The 

same is true of nicotine and its multiple receptors in a variety of cell types. However, there are also 

side effects for given substances that can dramatically change cellular, tissue, organ, and organism 

functions.

In this study, we present evidence that nicotine possesses such properties, and modulates neuronal 

excitability. We recorded whole-cell voltages and currents in neurons situated in the dorsal portion 

of the lateral septum in acute coronal brain slices of adult rats. Our experiments in the lateral 

septum revealed that nicotine directly affects HCN – hyperpolarization-activated cyclic nucleotide 

gated non-selective cation channels.

We demonstrate that nicotine effects persist despite the concurrent application of nicotinic 

acetylcholine receptors’ antagonists – mecamylamine, methyllycaconitine, and dihydro-β-

erythroidine. These results are novel in regard to HCN channels in the septum, in general, and in 

their sensitivity to nicotine, in particular.
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1. Introduction

The direct and indirect involvement of the septum in memory formation is a long-standing 

research interest. There are three major nuclei in this region: lateral septum (LS), medial 

septum (MS), and diagonal band of Broca (DBB). The LS is modulated by excitatory 

afferents from the hippocampus and is involved in synaptic plasticity. The hippocampus, in 

turn, receives the cholinergic and GABAergic inputs from MS and DBB. Thus, there is a 
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reciprocal interaction between the septum and the hippocampus (Vinogradova, 2001). The 

main function of the septum is to initiate and maintain the rhythmical slow wave activity 

(RSA), or the theta (θ) rhythm, in the hippocampus (Klemm, 1976). Memory formation 

requires a cross talk between the MS and the hippocampus via the generation and the 

subsequent modulation of θ–rhythm. The spikes in a majority of MS neurons exhibit a 

cross-correlation with the hippocampal θ–rhythm (Bland and Colom, 1993). However, only 

a subset of LS neurons oscillates in concert with the θ activity in the hippocampus 

(Pedemonte et al., 1998). Therefore, neurons of the MS can be considered pacemakers for 

the hippocampus.

The generation of a pacemaker signal – recurrent spontaneous slow depolarization – in two 

vital organs, the heart and brain, is caused by the presence and subsequent recurrent 

activation of hyperpolarization-activated cyclic nucleotide (HCN or Ih) gated non-selective 

cation channels (DiFrancesco et al., 1991; Solomon et al., 1993; Luthi and McCormick, 

1998; Santoro and Tibbs, 1999; Inyushin et al., 2010). HCN channels and underlying 

currents carried many different nomenclatures (Brown et al., 1979), both in vertebrates and 

invertebrates (Noble and Tsien, 1968; Halliwell and Adams, 1982; Edman et al., 1987; 

Solomon et al., 1993; Araque et al., 1995), until they were established as If (funny) because 

of their uncommon gating properties (Altomare et al., 2001; Bucchi et al., 2002). Extensive 

study and discussion have occurred regarding the way HCN channels may modulate 

neuronal properties (their inputs and outputs) and to what extent the alpha subunit along the 

auxiliary TRIP8b (tetratricopeptide containing Rab8b-interacting protein) subunit tune 

synaptic plasticity and depressive behavior in rodents (Brager et al., 2013; Lewis et al., 

2011).

The functions of the MS and properties of its neurons have also been extensively studied 

(Thinschmidt et al., 2005; Butuzova and Kitchigina, 2008); however, there are scant 

investigations on the LS in this regard. The purpose of this study is to elucidate the 

additional target(s) of nicotine at the cellular level in the septum and to advance our 

understanding of underlying mechanisms of addiction. Our results demonstrate, for the first 

time, that HCN channels are present in a subpopulation of LS neurons. Further experiments 

reveal modulation of these channels by nicotine and facilitated excitability in the majority of 

cells studied. We also consider novel direct effects of nicotine on HCN channels, since this 

study was designed and planned independently (Wehrmeister et al., 2010) of another 

recently published article (Griguoli et al., 2010).

2. Materials and methods

All experiments were conducted at room temperature (22–24°C).

2.1. Slice preparation

Conditions and procedures for the preparation of coronal brain slices (300 µm) containing 

septum (Fig. 1) were similar to those previously described (Kodirov et al., 2010). Sprague 

Dawley rats (P34.5 ± 1.4, n = 33) were anaesthetized with isoflurane before the preparation. 

Animal use was in accordance with the NIH guide for the care and use of laboratory 

animals, and all procedures were approved by the local committee.
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2.2. Electrophysiology

Whole-cell voltage– and current–clamp recordings were obtained from heterogeneous 

subpopulations of neurons in the dorsal part of the lateral nuclei of the septum using the 

patch–clamp technique (Hamill et al., 1981). Slices were allowed to recover from 

preparation procedures for at least 1 hour. Electrode resistance ranged between 2 and 6 MΩ 
when filled with an intracellular solution. Series resistance was monitored during the course 

of each experiment. It consistently did not exceed 30 MΩ and was not compensated. The 

input resistance (IR) of cells had a mean value of 233.1 ± 10.4 MΩ (n = 50). Action 

potentials (APs) and sag were evoked in response to a depolarizing and hyperpolarizing 

current injections (up to ±300 pA), respectively. Types of cells were identified by either the 

presence or the absence of Ih-mediated sag in membrane potential/current (Fig. 2A and B). 

The sag is the portion of membrane potential (MP) that spontaneously depolarizes compared 

to the peak during negative pulses. The sag amplitude (Fig. 2A) was estimated by 

subtracting values at the onset of hyperpolarizing currents/voltages (peak amplitude) from 

those at the end (steady-state). The Ih current was recorded in the presence of 1 mM 4–

aminopyridine (4–AP), 1 mM Co2+, 1 µM tetrodotoxin (TTX), or 100–300 µM Ba2+ in order 

to isolate it from possible contamination by voltage dependent K+, L–type Ca2+, Na+ and 

inward rectifier K+ channels, respectively (Griffith, 1988; Kodirov et al., 2003; Kodirov et 

al., 2004). The current signals were filtered at 1 kHz and the sampling interval was 2.5–5 

kHz. The analyses and subtraction of traces were performed using Clampfit software (Axon 

Instruments).

2.3. Solutions

The artificial cerebrospinal fluid (ACSF) contained (in mM) 119 NaCl, 2.5 KCl, 1.25 

NaH2PO4, 1 MgSO4, 2.5 CaCl2, 26 NaHCO3, and 10 glucose. This solution was 

equilibrated with 95% O2 and 5% CO2 (pH = 7.4) and was also used for the brain slice 

preparation. The pipette solution was composed (in mM) of 120 K+–gluconate, 5 NaCl, 1 

MgCl2, 10 HEPES, 0.2 EGTA, 2 Mg2ATP, and 0.2 NaGTP (pH = 7.2). Nicotine was 

purchased in liquid form and diluted in equilibrated ACSF to achieve final concentrations as 

indicated in Results. Stock solutions of ZD 7288, mecamylamine (MEC), 

methyllycaconitine (MLA), 4-AP, TTX, Ba2+, and Co2+ were prepared using distilled water; 

dihydro-β-erythroidine (DHβE) was dissolved in ethanol.

2.4. Statistical tests

The data are presented as the mean ± SE, where n corresponds to the number of 

experiments. The effects of substances were tested in the same neuron after obtaining the 

baseline response under control conditions. Each slice was used only for one experimental 

set involving pharmacology, i.e. they were not reused after the wash-out. Student’s t test was 

used for data group comparison; P < 0.05 was considered significant.

3. Results

We have characterized the properties of membrane and action potentials of neurons strictly 

in the dorsal part of the lateral septum (LS) as indicated in Figure 1.
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3.1. Presence of HCN channels

The LS neurons consist of two groups that were distinguished by the absence (Fig. 2B) or 

the presence of depolarizing sag (Fig. 2A), which is mediated by Ih activation upon 

hyperpolarization. The mean values of resting membrane potentials (RMP) in neurons 

exhibiting Ih-mediated depolarizing sag was −59.5 ± 1.3 mV (n = 9). The neurons, which 

did not show a typical and prominent sag, had a mean RMP of −58.2 ± 2 mV (n = 9, P = 

0.6); thus, differences are not related to RMP values. Note that if sag was present in a 

recorded cell, it was already measurable upon application of currents of moderate magnitude 

(−120 pA; Fig. 2A). However, in some neurons, even strong pulses (−300 pA) did not lead 

to the activation of Ih channels that are evidenced by the absence of depolarizing sag. Thus, 

among recorded neurons, two groups in regard to either the presence or the absence of sag 

could be clearly defined (indicated by blue and red lines, respectively; Fig. 2C). The average 

value of sag amplitudes under baseline conditions in LS cells was −12.1 ± 2.1 mV (at −300 

pA, n = 9,●; Fig. 2D). Note that in two out of these 9 cells, the highest amplitude was 

observed. In the remaining neurons, no significant sag was observed in response to current 

steps ranging between −20 and −300 pA (−1.1 ± 0.4 mV, n = 8, ●; Fig. 2D). The 

relationship between the sag amplitude and the applied current magnitude in the two groups 

was either exponential (red line) or linear (blue, Fig. 2D).

3.2. Modulation of excitability by nicotine

The facilitated excitability of neurons was manifested by their vulnerability to trigger an 

increased number of APs in the presence of nicotine. The APs were always evoked from the 

RMP by the injection of constant depolarizing currents of up to 300 pA in magnitude and 1 s 

in duration. Properties of the membrane and APs were analyzed in the same neurons under 

control conditions (Fig. 3A), in the presence of 3 µM nicotine (Fig. 3B), and upon wash-out 

(Fig. 3C). The APs were elicited upon application of 40 pA steps, and employing −300 pA 

enabled the sag in membrane potential (MP) at the beginning of the current step, which 

declined in amplitude within 1 s. In some cells, rebound action potentials (RAP) were 

triggered upon termination of hyperpolarizing pulses ranging from −300 to −100 pA (Fig. 

3A). There is a correlation between the sag (presence of Ih) and RAP, since both are 

eliminated by ZD 7288 (Lewis et al., 2011). Application of 3 µM nicotine increased the 

frequency of APs elicited by both the depolarization and preceding hyperpolarization (Fig. 

3B).

Other remarkable changes that we have observed in the presence of nicotine are “double 

spikes” in which the second AP is triggered during the incomplete repolarization phase of 

the first AP. Two spikes in close proximity occurred only at the beginning of each 

depolarizing step, whereas subsequent APs exhibited regular intervals. The same 

phenomenon was also observed during the RAPs (Fig. 3H), and the second AP was tightly 

coupled with the first AP only at the beginning of each train of APs evoked upon the 

termination of hyperpolarizing 1 s steps. Under control conditions (Fig. 3G), both AP and 

RAP were only followed by ADP (after depolarizing potentials), not by the second low 

amplitude spike.
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The effects of nicotine were, to a significant extent, reversible, depending on certain 

parameters (Fig. 3D–F). Thus, the amplitudes of APs were significantly decreased after 

nicotine wash-in (Fig. 3B and E), which was reversed during the ~30 min wash-out. 

Interestingly, the frequency of APs increased further (Fig. 3C). The peak amplitude of MP 

was also reversibly increased by nicotine (Fig. 3D). An increase in the excitability of 

neurons can also be concluded based on the fact that, during wash-in and wash-out of 

nicotine, a much lower current injection was necessary in order to trigger APs: 40 vs. 20 pA 

in the absence and the presence of nicotine, respectively (Fig. 3E). In the majority of cells (8 

out of 12) nicotine increased the frequency of APs.

In the remaining cells, nicotine significantly decreased the frequency of APs (Fig. 4A–C). 

Similar tendencies were observed in laterodorsal tegmental neurons (Ishibashi et al., 2009). 

In Figure 4, the responses to depolarizing (180 pA, red traces) and hyperpolarizing (−280 

pA, black) current steps are superimposed. The effects of nicotine were independent from 

the basal frequency of APs. The frequency diapason in corresponding groups before the 

application of nicotine was similar (1–11 vs. 1–10 Hz). Therefore, the average values were 

also not significantly different (P = 0.6, unpaired t test). Next, a decrease in AP numbers 

exacerbated by nicotine was accompanied by an increase in amplitude (Fig. 4B), which can 

be judged by overshoot potentials (the range above upper dashed lines at identical ±0 mV 

levels). This was opposite in the first group, i.e. an increase in frequency correlated with a 

decrease in amplitude (Fig. 3B and E).

The presence of Ih (–mediated sag) and its subsequent significant activation by 

hyperpolarizing currents was often followed by rebound tail potential (RTP). Depending on 

the magnitude of sag, the RTP can reach a threshold for the generation of RAP as shown in 

Figure 3A and G. We have analyzed experiments in which the sag resulted in RTP, yet no 

RAP was observed (Fig. 4D). The mean amplitude of sag potential (−5.7 ± 0.8 mV at −280 

pA) was approximately two-fold greater than that of RTP (2.9 ± 0.8 mV, n = 6, P = 0.002; 

Fig. 4E). Further analyses revealed a linear relationship between the amplitude(s) of sag and 

RTP (R = 0.99; Fig. 4F).

3.3. Nicotine-mediated sag

Nicotine application not only significantly increased the amplitude of sag, but it also led to 

the appearance of voltage sag, albeit with slower kinetics (Fig. 5B), even in cells that did not 

initially exhibit such a response (Fig. 5A). Nicotine increased the peak amplitudes (Fig. 5C) 

in 10 out of 12 cells. Note that dual effects of nicotine have also been observed for 

GABAergic synaptic inputs in some dopaminergic (DA) neurons in the ventral tegmental 

area (VTA) of mesencephalon and their APs (Mansvelder et al., 2002). In Figure 5D, the 

normalized (% of baseline; ●) values of steady–state amplitude, at −300 pA, under control 

conditions and in the presence of nicotine (●), are shown for individual cells. The mean 

value increased from −48.8 ± 2.2 to −63.4 ± 3.6 mV (n = 10, P = 0.001, Fig. 5E). The RMP 

remained unaffected in the presence of nicotine (−58.5 ± 1.7 vs. −59.5 ± 2.1 mV; n = 10, P = 

0.5). Nicotine did not affect the amplitude of MP upon depolarization (44.9 ± 3.1 vs. 47.4 

± 2.9 mV at 300 pA, n = 10, P = 0.2; Fig. 5E). Our conclusion is two-fold in this regard: 1) 

consistently, Ih activates only upon hyperpolarization and does not significantly contribute to 
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the steady–state MP at depolarized potentials; 2) nicotine to some extent affects the Ih 

selectively, since the peak MP increased and its waveform resembled the sag potential (Fig. 

5).

3.4. Nicotine effects do not involve nAChRs

We have performed further experiments by directly inhibiting the nicotinic acetylcholine 

receptors (nAChRs). Multiple distinct subunits of nAChRs are located within several brain 

areas. Among all nAChRs, those composed of α7 or containing β2 subunits (β2*) are most 

predominant in the brain. Therefore, we focused on these subunits and their selective 

antagonists during the experiments with neurons of the LS. Similar to previous experiments, 

we have applied an identical concentration of nicotine in the presence of DHβE (0.1–1 µM), 

the selective antagonist of β2 subunits containing nAChRs. However, this approach did not 

result in a conclusive outcome. The dual nicotine effects were similar in the presence of both 

100 nM (Fig. 6B) and 1 µM DHβE (Fig. 6D). All nine cells tested were susceptible to 

nicotine, and, in six out of nine neurons (○), an increase in HCN channel-mediated sag (Fig. 

6A and D) and resultant RTP was observed; in three cells (○), nicotine decreased these 

parameters. The mean values (Fig. 6B) in these two groups were −74.0 ± 8.7 mV (n = 6) and 

−34.2 ± 5.8 mV (n = 3), respectively, while control values (●) were −55.4 ± 6.2 mV (n = 9). 

Therefore, the outcomes of the pooled data (○) shown in Figure 6C (n = 9) cannot be taken 

into account. At this point, we have concluded that nicotine does not recruit the β2* 

nAChRs’ dependent pathways. Since, theoretically, LS neurons may express only one or 

both subunits, we tested for either the presence or the absence of α7-containing nAChRs, 

which are sensitive to methyllycaconitine (MLA). Further experiments were performed in a 

similar manner, but instead of DHβE, we used 0.1–1 µM MLA (Fig. 6E, n = 7), which did 

not influence nicotine’s effects. Next, we applied nicotine under the simultaneous inhibition 

of both receptor types using MLA and DHβE (Fig. 6F, n = 7). Despite these modifications, 

the overall tendencies with nicotine effects were similar to those initially presented.

3.5. Support for HCN channel expression in the LS

We have performed additional analyses by recording currents instead of potentials. However, 

each experiment was initiated similar to previous ones by recording the MP and APs. 

Consistently, typical sag was observed during hyperpolarization (Fig. 7A). Next, in the same 

neurons, the Ih was activated using the protocol shown in Figure 7D. Consistently, the 

presence of sag in MP correlated well with slowly activating currents (red arrow) upon 

hyperpolarization ranging between −140 and −100 mV (Fig. 7B and F). Application of 

selective antagonist of HCN channels, ZD 7288, at 1 and 10 µM concentrations significantly 

decreased the amplitude (Fig. 7C and D, respectively). Note that tail currents (Lyashchenko 

and Tibbs, 2008), activated upon the termination of hyperpolarization, are also inhibited by 

this blocker in a dose dependent manner (blue arrow). Ih was observed readily upon strong 

hyperpolarization, and, at −90 mV, their equilibration times were slow, as previously 

observed (Mannikko et al., 2005). By estimating the difference in the amplitude of currents 

immediately upon hyperpolarization and at the end of a 4 s pulse, the magnitude of sag was 

revealed for each cell. Consistently, also in regard to Ih, two groups were distinguished (Fig. 

7F). In the majority of LS cells (8 out of 12), a clear sag in membrane currents was observed 

(●), and in the remaining four neurons, HCN channels were absent (○). The steady-state Ih 
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was inhibited by 1 µM ZD 7288 (Fig. 7E), and at 10 µM concentration the remaining 

currents activated instantaneously (Rivera-Arconada et al., 2013). The overall responses to 

hyperpolarizing potentials were similar to those described in olfactory neurons (Vargas and 

Lucero, 2002). Note that our experimental conditions were different, particularly in regard to 

the holding potential, which is often set to around −50 mV (Tabarean et al., 2012).

3.6. Direct modulation of Ih by nicotine

Due to activation of additional channels by hyperpolarization, the presence of depolarizing 

sag in MP is not always considered to be solely attributed to the activation of HCN channels. 

For this reason, we have recorded Ih in isolation.

Prior to the application of nicotine (Fig. 8B), stable recordings revealing the presence of Ih 

in neurons were obtained at a holding potential of −70 mV (Fig. 8A). The current 

waveforms in different LS neurons were closely reproducible, and application of 3 µM 

nicotine for 15 min resulted in a dual response. Nicotine either increased (n = 5) or 

decreased Ih (n = 6) when tested at −130 mV (Fig. 8D). The activation kinetics of Ih in the 

absence and presence of nicotine were similar (Fig. 8C, traces are recorded at −140 mV). 

The subtracted nicotine-sensitive currents (Fig. 8E) were relatively small. They are 

represented using identical time and amplitude scales, as for Figure 8A and B, in order to 

define a possible change in IR, which was minimal in this case.

Finally, under voltage clamp conditions, we have tested mecamylamine (MEC), another 

nonselective inhibitor of nAChRs, at concentrations ranging between 100 nM and 10 µM 

(Fig. 8F). The dual nicotine effects also remained unaltered after a long perfusion with a 

high concentration of MEC (10 µM), and nicotine either increased (by 138.2 ± 14.9 %, n = 

4) or decreased (81.1 ± 19.7 %, n = 2; at −120 pA) Ih. Therefore, evidently, nicotine directly 

modulates Ih and the resultant sag. The latter is in agreement with recent study showing 

direct binding of nicotine along its analog epibatidine to HCN channels (Griguoli et al., 

2010).

3.7. Nicotine dose response

At 300 nM concentration, nicotine was less effective; however, a similar tendency (see Fig. 

5) was observed in the response of neurons: sag either increases (n = 2), decreases (n = 1) or 

remains unchanged (n = 4). Note that the effects varied cell to cell. Since, at this 

concentration, two groups were not clearly distinguishable, we did not pursue further 

experiments. However, we have performed additional experiments with two cumulative 

doses of nicotine in order to avoid the overall neuron to neuron variations in certain 

parameters and time dependent changes in patch quality. During these experiments, we have 

decreased the time of exposure as well, but kept both conditions similar (~6 min). The 

inhibition by 31 % at 1 µM is comparable to results of Griguoli et al. (2010). The effects are 

saturated around this level despite the increased concentration of nicotine. Note that, in the 

text, the latter authors refer to 10 µM, but it is actually at 1 µM nicotine concentration that 

the magnitude of inhibition was 39 %, which decreased at 10 µM to ~32 %. Thus, our data, 

similar to those of Griguoli et al. (2010), reveal a fast saturation in dose responses. We did 
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not test additional higher concentrations, since they would be irrelevant to human studies 

(see Discussion).

4. Discussion

Nicotine possesses multiple targets in regard to brain areas, ion channels, and receptors, and 

thus is involved in several pathologies (Dani and Bertrand, 2007).

In this study, we demonstrate the dual effects (prevailing excitation vs. inhibition) of 

nicotine on a distinct population of neurons in the septum. The extracellular application of 

nicotine increased the frequency of APs elicited by both depolarization and preceding 

hyperpolarization (Fig. 3B) and, in some neurons, triggered “double spikes” (Fig. 3H). The 

nicotine application led to the appearance of voltage sag in cells which did not initially 

significantly exhibit such a response upon hyperpolarization (Fig. 5). The voltage sag under 

these conditions had slower kinetics. We suggest that it might be related to expression of 

distinct subunits in different cell types (Leao et al., 2006; George et al., 2009).

Our concentration choice was relied on available data on smokers, in particular on one study 

by Henningfield and colleagues (1993). They have documented that the level of arterial 

nicotine was, on average, around 1.18 µM, and the latter was dependent on individuals 

tested. Also in the literature, one can find an even higher concentration of nicotine used 

during physiological experiments depending on application methods, e.g. either incubation 

or a puff. Dual effects, i.e. facilitation or inhibition, were also observed during cumulative 

nicotine application to LS neurons. Under identical experimental conditions, facilitation 

saturated at 3 µM nicotine concentration, while inhibition was already saturated at 1 µM. 

The EC50 for facilitation was 0.92 µM, which is close to the data of Henningfield et al. 

(1993), but higher than the documented 62 nM in CA1 interneurons (Griguoli et al., 2010).

The major effects – facilitated excitability – occurred via modulation of Ih and underlying 

sag. Our data reveal that α7 and β2 nAChRs do not contribute to nicotine and Ih interactions 

(Fig. 6 and Fig. 8). In our experiments, nicotine effects were not completely reversible 

during up to 30 min of wash-out. Reversible effects of nicotine, to greater extent, have been 

observed on APs of DA neurons of VTA (Mansvelder et al., 2002). These dissimilarities 

might be related to differences in nicotine exposure time.

The sag was mediated by Ih, and based on equilibration time, we suggest that the underlying 

channels could be either HCN1 or HCN2, but not HCN4 (Altomare et al., 2001). These 

currents were inhibited by 1 µM ZD 7288 (Fig. 7). At a higher concentration, also, tail 

currents were completely blocked. The blockade of Ih by ZD 7288 and the subsequent 

effects on the passive properties of MP often are not consistent, since it either increases 

(George et al., 2009) or decreases the IR (Sotty et al., 2003). In the MS/DBB neurons, 10 

µM ZD 7288 appeared to selectively block the sag. However, in this case, a significant 

increase in IR was observed (Morris et al., 2004). Similar to above-mentioned studies, ZD 

7288 increased the IR of LS neurons by 50–100 MΩ. Interestingly, this compound 

eliminates rebound APs only in certain types of neurons (Leao et al., 2006), but not in 

MS/DBB despite an increase in their latencies (Morris et al., 2004).
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Similar to other ion channels, the electrophysiological properties of Ih are complete when an 

adequate auxiliary subunit(s) interact with the alpha subunit. The absence of TRIP8b 

eliminates the HCN-mediated phenotype, i.e. the sag and RTP in CA1 pyramidal neurons 

(Brager et al., 2013). The sag and RTP in wild type mice are blocked by 20 µM ZD 7288. 

These effects are accompanied by an increase in the IR, while in TRIP8b KO it slightly 

decreased the IR (Lewis et al., 2011).

5. Conclusions

In conclusion, our results demonstrating Ih in LS are novel particularly in their modulation 

by nicotine. This channel and its subsequent modulation by relatively low concentration of 

nicotine (Goriounova and Mansvelder, 2012) may play a functional role in the synergistic 

synaptic plasticity and development of related memories in the septo–hippocampal complex. 

Moreover, because of the established involvement of HCN in epilepsy (Budde et al., 2005), 

nicotine could be used to target these channels at the neuronal level. The direct effects of 

nicotine are potentially important for addiction, since the duration of action on HCN 

channels is prolonged when compared to nAChRs fast desensitization.
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AP action potential

LS lateral septum

HCN hyperpolarization-activated cyclic nucleotide gated non-selective cation 

channel

RAP rebound action potential

RTP rebound tail potential

nAChRs nicotinic acetylcholine receptors.
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Highlights

• The manuscript is the first to demonstrate Ih channel in a subgroup of lateral 

septum (LS) neurons

• Nicotine directly affects Ih channels in LS neurons

• Nicotine effects is independent of nAChR activation
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Fig. 1. 
Coronal slice from rat brain and location of recorded neurons at higher magnification. R – 

recording electrode, LS – lateral septum, MS – medial septum. Modified from 

www.brainmaps.org (Mikula et al., 2007).
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Fig. 2. 
Action potential waveforms. (A and B) Evoked APs in two different neurons. Note the 

significant sag in MP in A and its absence in B, as revealed upon the injection of currents of 

relatively low amplitude. (C) Representation of sag’s magnitude from all recorded neurons. 

(D) The mean amplitude values in cells with properties resembling the one shown in A (n = 

9, P < 0.01 at −300 to −40 pA, paired t test) and B (n = 9, P = 0.5). Resting membrane 

potential was −55.2 mV in A and −52.2 mV in B. Identical scale bars are shown.
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Fig. 3. 
Nicotine facilitates neuronal excitably in LS. (A–C) Recordings were obtained from the 

same neuron in the absence and the presence of 3 µM nicotine and upon wash-out. The 

waveforms of MP during depolarizing (40 pA) and hyperpolarizing (−300 pA) current steps 

are superimposed. The red and blue dashed lines mark MP at ±0 mV and −130 mV, 

respectively. (D–F) Values before (black traces) and after the application of 3 µM nicotine 

(red) and upon the wash-out (blue). The analyzed parameters are: (D) the peak MP response 

to hyperpolarizing currents ranging from −20 pA to −300 pA in 20-pA increments; (E) the 

amplitude of the first AP upon depolarization by current steps (20–300 pA); (F) the number 

of APs per second. Note that, under control conditions, no AP was triggered at 20 pA 

(black). (G–I) The phenotype of both AP (left) and RAP (right) in a train, in the absence 

(black) or presence of 3 µM nicotine (red), and during wash-out (blue). Note the transition of 

a single AP with prominent ADP (under control conditions) into double spikes in the 

presence of nicotine. Scale bars for A–C and G–I are identical.
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Fig. 4. 
Suppression of evoked action potentials by nicotine in a subset of neurons. APs were evoked 

in LS neuron before (A) and after (B) treatment with 3 µM nicotine, and after 30 min wash-

out (C). The APs were evoked from the RMP of −60.1 mV under identical conditions. 

Lower dashed lines are MP at −117 mV. Identical scale bars apply for A–C. (D) The sag and 

rebound tail potentials in different neurons are color-matched. (E) Mean amplitudes of 

rebound tail (●) and sag potentials (○, n = 6). Note that the amplitude of sag is two-fold 

greater than the tail potential. (F) The linear correlation between values of sag and tail 

potentials (R = 0.99).
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Fig. 5. 
Nicotine-mediated sag. (A) The MP in neurons of the LS was recorded in response to 

hyperpolarizing currents under identical conditions, as in Figure 2. (B) Within 15 min of 

exposure to nicotine, sag and related rebound tail potentials appear. Scale bars for A and B 

are identical. The blue and red symbols indicate the points taken for statistical analyses. (C 

and D) The individually normalized peak and steady-state amplitude values for all tested 

neurons. (E) The mean amplitude values of the steady-state potentials were increased by 

nicotine only at more hyperpolarized MP (for example, at −200 pA: −45.8 ± 2.4 mV vs. 

−36.8 ± 1.7 mV, n = 10, P = 0.001). Error bars are very small under control conditions.
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Fig. 6. 
Effects of nicotine under nAChRs blockade. (A) Increase in sag and rebound tail potentials 

by nicotine despite the presence of antagonist, DHβE. Note the spontaneous postsynaptic 

potentials under control conditions. (B) Amplitude values obtained in the presence of 100 

nM DHβE (●, n = 9). The presented data subdivide into two groups reflecting nicotine’s 

dual effects: an increase (○, n = 6) and a decrease (○, n = 3) in peak amplitudes. (C) Under 

these conditions, values of pooled data for all neurons were not different in DHβE (●) and 

nicotine (○) sets of experiments (n = 9). (D–F) The individually normalized values for each 
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cell reveal the same tendency in the presence of either DHβE (n = 9), MLA (1 µM; n = 7), or 

both (n = 7). Note that only one cell (○) in E was not affected by nicotine in the presence of 

MLA. Scale bars are shown.
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Fig. 7. 
Selective inhibition of HCN channel mediated non-selective cationic currents. (A) The 

typical and comparable response of an LS neuron. Note RAPs upon termination of 

hyperpolarization; RMP: −63.9 mV. (B) Activation of Ih from the holding potential of −70 

mV by the pulse protocol shown in D. The Ih, i.e. the counterpart of the sag potential, was 

observed readily at more hyperpolarized test potentials. (C and D) Dose-dependent decrease 

in amplitude by 1 and 10 µM ZD 7288, respectively. (E) The application of ZD 7288 affects 

the steady–state amplitudes. The Ih are shown under control conditions (black line) and in 

the presence of 1 µM (red) and 10 µM ZD 7288 (blue). (F) Consistently, the two groups 

confirming the absence (○, n = 4) and the presence (●, n = 8) of HCN-mediated currents 

are distinguished. The amplitude’s scale bar for A is shown, while the time is reflected by 

the pulse protocol. Scale bars indicating current amplitude are identical for B–D.
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Fig. 8. 
Effects of nicotine and MEC on Ih. (A) The Ih recorded at a holding potential of −70 mV 

using the protocol shown in E. (B) Traces are recorded 15 min after the application of 3 µM 

nicotine. (C) Normalized and superimposed traces revealing the similar activation kinetics of 

HCN channels in the absence of and the presence of nicotine at −140 mV, respectively. (D) 

Normalized Ih at −130 mV (●, n = 11). (E) The subtracted nicotine-sensitive currents. (F) 

Normalized Ih in the presence of a non-selective inhibitor of nAChRs, 10 µM MEC (■, n = 

6). The time and amplitude scale bars are identical for A, B, and E.
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Fig. 9. 
Cumulative dose response of nicotine in LS neurons. The facilitation and inhibition are 

shown for subgroups of neurons. Under identical experimental conditions, the facilitation 

saturated at 3 µM, while inhibition was already saturated at 1 µM (n = 4). The EC50 for 

facilitation was 0.92 µM (n = 6).
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