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Abstract
Mikulovic, S. 2016. On the Mechanisms Behind Hippocampal Theta Oscillations. The
role of OLMα2 interneurons. Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1206. 47 pp. Uppsala: Acta Universitatis Upsaliensis.
ISBN 978-91-554-9542-8.

Theta activity is one of the most prominent rhythms in the brain and appears to be
conserved among mammals.  These 4-12 Hz oscillations have been predominantly studied
in the dorsal hippocampus where they are correlated with a broad range of voluntary and
exploratory behaviors. Theta activity has been also implicated in a number of mnemonic
processes, long-term potentiation (LTP) induction and even acting as a global synchronizing
mechanism. Moving along the dorso-ventral axis theta activity is reduced in power and
desynchronized from the dorsal part. However, theta activity can also be generated in the ventral
hippocampus itself during anxiety- and fear-related behaviors. Until now it was unknown which
hippocampal cell population was capable to generate theta activity and it was controversial if
its origin was local, in the hippocampus, or driven by other brain regions. In this thesis I present
compelling in vitro and in vivo  evidence that   a subpopulation of OLM interneurons (defined
by the Chrna2-cre line)  distinctively enriched  in the CA1 region of  the ventral hippocampus is
implicated in LTP function (paper I,II), information control (paper V) and the induction of theta
activity that is under cholinergic  control (paper IV). Importantly, a concomitant effect of the
optogenetically induced theta activity is reduction in anxiety (Paper IV). Another innovation
of this work was the development of a methodological approach to avoid artefactual signals
when combining electrophysiology with light activation during optogenetic experiments (Paper
III). In summary, the work presented in this thesis elucidates the role of a morphologically and
electrophysiologially identified cell population, OLMα2 interneurons, first on the cellular, then
on the circuit and ultimately on the behavioral level.
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Introduction 

The hippocampus and oscillations 
The hippocampus has been referred to play a crucial role in different types of 
mnemonic processes. In rodents, it forms a large part of the brain and it is 
located in the medial temporal lobe. The hippocampus proper and two near-
by structures, the dentate gyrus (DG) and the subiculum (SUB) form the so 
called “hippocampal formation”. In some cases, the hippocampus proper is 
referred to Cornu Ammonis (CA). Based on morphology of the principal cell 
(PC) type, the patterns of termination and distribution of fiber pathways, 
Lorente de Nó defined the principal subdivision of the CA region into CA1, 
CA2 and CA3 region, while Ramon y Cajal was the first one to emphasize 
the diversity of hippocampal cell types (Ramon y Cajal, 1931). The largest 
and most extensively studied hippocampal region is CA1. Some of the major 
hippocampal pathways within and involving CA1 are: (1) the temporo – 
ammonic (TA) pathway originating in entorhinal cortex (EC); (2) the Schaf-
fer collaterals (SC) of CA3 pyramidal axons synapsing on CA1 PCs; (3) the 
recurrent excitatory connections between PCs (Christian and Dudek, 1988), 
and (4) inhibitory circuitry, with inhibitory interneurons (INs) excited either 
by the local PCs or by the afferent fibers or both (Alger and Nicoll, 1982). 
Importantly, these pathways are differentially involved in the hippocampal 
electrical rhythms formation.  

In 1933 Saul and David were the first ones to describe “action current” 
recorded in hippocampus (Saul and Davis, 1933). In 1938 Jung and 
Kornmueller (Jung and Kornmueller, 1938) stimulated peripheral nerves in 
rabbits and showed that this stimulation induces rhythmical slow wave activ-
ity in the hippocampus. The era of extensive research on hippocampal elec-
trical activity started with Green and Arduini, who showed the existence of 
hippocampal oscillations in three different species – rabbits, cats and mon-
keys (Green and Arduini, 1954). In 1965, Stumpf et al (Stumpf, 1965) de-
scribed four different electroencephalographic (EEG) patterns that can be 
recorded in hippocampus: (1) rhythmic, sinusoidal-like oscillation called 
theta (4-12 Hz); (2) large irregular activity (LIA); (3) small irregular activity 
(SIA); (4) fast waves (120-200 Hz). “Riding” on the slower rhythmic pattern 
a faster wave (40-100 Hz) called gamma appears.      

Rhythmic brain activity (oscillations) mentioned above, ranging from 
0.05 Hz to 500 Hz (Buzsáki and Draguhn, 2004) have been widely preserved 
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in all the mammals and multiple brain regions, including all cortical areas, 
hippocampus, basal ganglia, olfactory bulb, thalamus, hypothalamus, spinal 
cord, etc. Thus, it has been suggested that brain rhythms might be inherent to 
the architecture of the central nervous system (CNS) (Buzsáki and Freeman, 
2015). Oscillations are believed to arise from two level of organization – 1) 
in the intrinsical structural organization of the neurons per se, specifically in 
membrane potentials displaying subthreshold oscillations that occur as a 
result of a balance between inward and outward currents (Gray, 1994; 
Hodgkin and Huxley, 1952); 2) networks constituted of excitatory and inhib-
itory cell populations. The biophysical properties that single neurons are 
endowed with result into their intrinsic capabilities to resonate and oscillate 
at specific frequencies, implying that their timing might represent infor-
mation within the neural network (Hutcheon and Yarom, 2000; Llinás, 
1988). On a network level, cell assemblies displaying a common oscillatory 
pattern can be detected (Wilson and McNaughton, 1994). Cell assemblies 
are defined as distributed, synchronized neuronal groups. Multiple studies 
implied that brain oscillations might account for a neuronal mechanism be-
hind memory, perception or even consciousness (Buzsáki and Chrobak, 
1995; Kahana et al., 2001; O’Keefe, 1993a; Wilson and McNaughton, 1994). 
Synchrony of convergent inputs is required for integration of information. A 
temporal window that contains some trace of an earlier event that in turn 
influences the response to subsequent events defines synchrony (Buzsáki and 
Draguhn, 2004; O’Keefe, 1993a). While the importance of oscillations de-
pends on the originating brain structure, several general principals appear 
independent of network architecture. For example, input selection, a mecha-
nism that allows single neurons and networks to respond to strong inputs 
with oscillations of network architecture. This natural frequency or 
eigenfrequency of an oscillator depend on low- and high-pass filtering prop-
erties of the network. While low-pass filtering properties are determined by 
membrane capacitance and leak conductance, high-pass filtering properties 
are determined by voltage-gated currents (Hutcheon and Yarom, 2000; 
Llinás, 1988; O’Keefe, 1993a). Thus, neurons are endowed with specific 
resonant properties that allow them to select inputs based on their frequen-
cies. Another proposed importance for brain oscillations is cell assemblies 
binding. Interestingly enough, as long as coupled oscillators have similar 
frequency, synchrony can be achieved even with very week synaptic connec-
tions (Buzsáki et al., 2004). Another important feature of oscillatory patterns 
is so called representation by phase information. A typical example for this 
phenomenon is the so called “phase precession” of place cells, the cells that 
encode space in our brains (O’Keefe, 1993). When a mouse walks through 
the receptive field of a recorded place cell, the spike-field phase relationship 
changes dynamically – starting at the peak and reaching the through of the 
ongoing theta activity, once a mouse reaches the center of the field. Thus, 
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the future position of the animal can be predicted by the phase-relationship 
between the spiking and ongoing oscillatory activity.  

Although it is currently well established that slow (theta) and fast (gam-
ma) activity modulate different kind of memories, less is known about how 
these frequency bands interact. Recent studies have shown that coupling 
between theta phase and gamma power underlie working memory capacity 
(Tort et al., 2009) both in animals and in humans (Canolty et al., 2006). Be-
side most extensively studied phase with power interaction, several other 
less known interaction ways between slow and fast frequency ranges were 
described - phase with phase, phase with frequency and power with power. 
Over the time course, several models have emerged describing mechanisms 
underlying cross-frequency coupling between theta and gamma oscillations. 
White et al (White et al., 2000) proposed that network of interneurons with 
fast and slow GABAa kinetics provide substrate for mixed gamma-theta 
rhythm. Theta oscillations have been postulated to synchronize network over 
longer distances (Fujisawa and Buzsáki, 2011), while gamma might coordi-
nate cell assemblies on relatively short spatial scales. Thus, one hypothesis is 
that gamma rhythm occurs at particular phase of theta cycle by the mecha-
nism of recruiting cell assemblies that are activated at that time (Colgin, 
2015). Another model suggests that the mechanism underlying cross-
frequency interaction relies on phase-coding theory. This model was first 
proposed in 1959 by McLardy et al (McLARDY, 1959) and it suggests that 
different information is encoded at different phases of a theta cycle. Based 
on this model, it was suggested that number of gamma cycles per theta cycle 
might determine the span of the working memory (Lisman and Jensen, 
2013). Finally, coupling between theta and gamma has been suggested to 
account for theta phase precession, the property of hippocampal place cells 
(O’Keefe, 1993) that are decoding spatial path to fire earlier in relation to 
theta cycle once animal enters the place field. An essential element of this 
model is that phase precession advances one gamma cycle per theta cycle. 
However, more experimental evidence is needed to test different aspects of 
this theory. Taken together, cross-frequency coupling offers new insights 
into brain behavior in health and diseases, especially by shown recently that 
abnormalities in these interactions are associated with impaired long term 
potentiation (LTPs) (Xu et al., 2013) and arise as an early symptom of Alz-
heimer disease (Goutagny and Krantic, 2013).  

Most of our knowledge about cellular and behavioral correlates of oscilla-
tory activity in the hippocampus derives from the dorsal hippocampus 
(dHipp). Abundance of aforementioned place cells and movement-related 
oscillatory activity in dHipp has built a widely accepted role of hippocampus 
in spatial information processing. However, as Brian Bland (Bland, 1986) 
accurately estates in a classical review: “…It seems somewhat naïve to as-
cribe unitary function to the hippocampal formation…but, likely hippocam-
pus is constituted of several subsystems, where each subsystem is defined by 
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its own particular neural circuitry”. The following session will focus on dif-
ferences between dHipp and ventral hippocampus (vHipp).  

Dorsal and ventral hippocampus 
The curved form of the hippocampus that runs along the  dorso-ventral axis 
in rodents, corresponding to posterior to anterior axis in humans, has been 
preserved in all mammals. The same holds for the organizational rules of the 
hippocampus along the dorso-ventral axis (Strange et al., 2014). Decades 
after the case of H. M. (Milner and Klein, 2016), a patient who suffered se-
vere memory impairments following bilateral hippocampal lesion, hippo-
campus has been ascribed a unitary function in declarative memory pro-
cessing (Squire, 1992). Importantly, most of these studies were performed in 
dHipp, possibly due to technical advantages like easy accessibility and well 
defined anatomy. However, although several early studies (Hughes, 1965; 
Stevens and Cowey, 1973) have indicated different electrophysiological 
properties between dHipp and vHipp, just in the last decade functional sepa-
ration between dHipp and vHipp has been widely accepted.  Different gene 
expression (Figure 1, left) and anatomical projection patterns (Figure 1, 
right) along the dorso-ventral and rostro-caudal axis of the hippocampus 
suggest division of labor inside the hippocampal formation. However, no 
consensus still exists regarding its two main hippocampal roles - the role of 
the “cold" dHipp involved in declarative memory and the role of the “hot" 
vHipp involved in emotional memory formation. There is also a clear dis-
tinction in external inputs to the dHipp and vHipp (Swanson and Cowan, 
1977). The dorsal two thirds of the hippocampus are mainly connected with 
visual, auditory and somatosensory cortices, and the medial entorhinal cor-
tex, a structure highly involved in memory and spatial navigation (Strange et 
al., 2014b; Swanson and Cowan, 1977). In contrast, the vHipp projects most-
ly to the structures involved in affective-motivational behavior such as the 
lateral septum, hypothalamus (Figure 1 right), amygdala and PFC (Ciocchi 
et al., 2015). Functional specification was shown in maze learning, which 
was disrupted by dHipp lesions (Hughes, 1965), whereas vHipp lesions se-
verely influenced animals’ emotional behavior (Kjelstrup et al., 2002). In 
addition, the density of aminergic terminals are higher in the vHipp and the 
threshold for epileptiform discharges is lower in the vHipp than in the dHipp 
(Strange et al., 2014). Furthermore, several recent studies have reported dif-
ferent electrophysiological properties between both excitatory PCs 
(Dougherty et al., 2012) and INs in dHipp and vHipp (Dougherty et al., 
2013). The following sessions will focus on hippocampal interneurons.  
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Figure 1. Left, Differential gene expression along dorso-ventral hippocampal axis 
(Modified from Fanselow et al, 2010). Right, hippocampal output to the lateral sep-
tum (LS) and hypothalamus. The LS can be divided into rostral (LSr), caudal (LSc) 
and ventral (LSv) parts. The most ventral tip of the CA1–subiculum (blue) projects 
to LSv, which projects to the medial preoptic nucleus (MPN) and hypothalamic 
periventricular zone (PVZ). More dorsal parts of the CA1–subiculum field project to 
the LSr, which in turn projects to hypothalamic medial zone nuclei, including the 
anterior hypothalamic nucleus (AHN) and the ventromedial hypothalamic nucleus 
(VMH). The dorsal subiculum sends a small projection to the dorsal LS, which is 
relayed to the mammillary body (MB). The thickness of the arrows indicates the 
projection density. (Modified from Strange et al, 2014) 

Interneurons 
Although interneurons existence was proven already by Santiago Ramon y 
Cajal in the beginning of 20th century, prior to the beginning of 1980s most 
of the existing knowledge about hippocampal neuronal networks derived 
from studies of PCs, not least due to the fact that INs represent a minority in 
the hippocampus, covering barely twenty percent of the total hippocampal 
cell population (Freund and Buzsáki, 1996). However, their diversity in con-
trast to relatively homogeneous population of PCs, regarding different local 
and extrinsic inputs, molecular and functional properties and different target-
ing along the PCs somatodendritic axis (Figure 2) (Freund and Buzsáki, 
1996; Klausberger and Somogyi, 2008; Sik et al., 1995) and their wide-
spread axon collateral system places these neurons in a perfect position of 
coordinating multiple PCs assemblies. In the light of novel molecular tech-
niques (Sauer, 1998), transgenic animal models are produced to investigate 
the role of specific neuronal populations. However, most of current markers 
label multiple INs subtypes. This precludes linking IN populations to specif-
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ic physiological functions. For example, a frequently used genetic marker, 
parvalbumin (PV) labels interneurons that innervate distinct PCs subcellular 
domains: basket cells innervate PC cell bodies and proximal dendrites; axo-
axonic cells inhibit PCs exclusively on axon-initial segments; bistratified 
cells innervate basal and oblique dendrites where CA3 glutamatergic inputs 
arrive (Klausberger and Somogyi, 2008); PV also marks a subpopulation of 
projecting septo-hippocampal neurons (Freund and Buzsáki, 1996). Another 
widely used genetic marker for hippocampal interneurons is somatostatin 
(SOM). Classically, SOM has been used to label a subpopulation of dendrit-
ic-targeting interneurons called Oriens Lacunosum Meleculare – OLM cells 
(Bezaire and Soltesz, 2013). Thus, several studies have used SOM-Cre line 
in attempt to identify the role of OLM interneurons in the hippocampal net-
works (Amilhon et al., 2015; Royer et al., 2012) . Study I and II demostrate 
that nicotinic acetylcholine receptor α2 subunit (Chrna2) - Cre line, pro-
duced in our laboratory, marks a subpopulation of OLM interneurons, named 
OLMα2 cells, significantly more specifically when compared to SOM-Cre 
line. 

 
 
Figure 2. Interneuron diversity - three types of PCs in the CA1 hippocampal region 
are accompanied by at least 20 different interneuron types. (Modified from 
Klausberger et al, 2003) 

First insights about IN differential role in controlling hippocampal networks 
derived from the observations that different types of interneurons fire differ-
entially phase-locked to the ongoing network oscillations (Forro et al., 2015; 
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Klausberger and Somogyi, 2008; Klausberger et al., 2003). For example, 
OLM interneurons fire strongly phase locked to theta oscillations, while 
showing no coupling to gamma rhythm (Klausberger et al., 2003).  In con-
trast to OLM cells, bistratified interneurons fire strongly phased locked to 
gamma oscillations in freely moving animals, while basket cells seem to be 
the strongest coupled interneuron population to gamma activity in urethane 
anesthetized animals (Klausberger et al., 2003). However, although different 
coupling of distinctive interneuron classes to hippocampal oscillations are 
valuable clues about specific mechanisms of brain rhythms, these studies do 
not provide answers whether these interneuron subtypes have capacity of 
driving specific oscillatory activity. Optogenetics is a novel method that 
allows activation/inhibition of specific neuronal types with light (Cardin et 
al., 2010). Thus, for the first time a causal relationship between a specific 
neuronal and oscillatory type can be studied. A possible causal relationship 
has only been recently established for PV+ interneurons showing that they 
drive gamma oscillations in the neocortex (Cardin et al., 2010) (however, see 
Study III). Study IV suggests that OLMα2 interneurons causally drive a spe-
cific type of the theta rhythm.   

Dendritic targeting interneurons 
PCs dendrites have an important role in integration of information, in-
put/output transformation and synaptic plasticity (Häusser et al., 2000; 
Spruston, 2008). Thus, PC dendritic targeting interneurons play a crucial role 
in shaping  dendritic functions. While somatas and axon-initial segments of 
the CA1 PCs are nearly exclusively innervated by GABAergic cells, PCs 
dendrites receive both excitatory and inhibitory innervation. To date, 12 
different dendritic targeting interneuron types are described in the CA1 re-
gion of the hippocampus. Thomas Klausberger (Klausberger, 2009) divided 
them roughly into four groups: (1) SOM positive OLM and bistratified cells 
(2) interneurons expressing cholecystokinin (CCK) (3) Neurogliaform and 
Ivy cells and (4) long-range projecting GABAergic interneurons. Interesting-
ly enough, the two main inputs to the CA1 hippocamapl region terminate on 
distinct dendritic regions of PCs. Temporo-amonic (TA) pathway terminates 
on distal apical dendrites positioned in SLM, while Schaffer Collaterals (SC) 
target more proximal radial dendrites in stratum oriens (SO) and stratum 
radiatum (SR) (Amaral and Witter, 1989). The same regions are additionally 
targets of the two types of SOM positive inhibitory INs. The axonal 
arborization of bistratified cells overlaps with the excitatory input originating 
from SC in SO and SR, while OLM cells innervate PCs at the distal apical 
dendrites, where TA pathway terminates. While bistratified and OLM cells 
have been extensively studied, and this thesis brings further insights into the 
role of OLM interneurons, that is not the case for CCK+ cells. Identified 
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CCK+ cells can be classified in three groups: SC associated cells, apical 
dendrite innervating cells and perforant path associated cells. Besides CCK, 
these cells also express calbinidn. Apical dendrite innervating cells target 
mainly the main apical shaft of PCs. Interestingly, besides CCK, these cells 
also express vesicular glutamate transporter VGLUT3 (Klausberger et al., 
2005). CCK is also expressed in some perforant path associated cells 
(Pawelzik et al., 2002). The somatas of these cells are located on the border 
between SR and stratum lacunosum moleculare (SLM), while most of the 
axons innervate the tuft of PCs. Thus, perforant path associated and OLM 
cells innervate PCs at the same compartment (Klausberger, 2009). However, 
in difference to the OLM cells, their axons are not restricted to SLM, but 
often cross the fissure in DG. Neurogliaform and Ivy cells form a group of 
the so called densely packed axons interneurons that evoke slow responses in 
PCs. Both neurogliaform and Ivy cells express neuropeptide Y (Ratzliff and 
Soltesz, 2001). Neurogliaform somatas are mainly located in SLM, innervat-
ing distal apical tuft of PCs, although their axons also extend to DG inner-
vating dendrites of granule cells. Differentially, Ivy cells are located mainly 
in stratum pyramidale (SP) and SO and their axons innervate basal and 
oblique dendrites of PCs. GABAergic long-range projection neurons are a 
less extensively studied group of dendritic-targeting interneurons.   

It was previously mentioned that different interneuron types differentially 
phase-lock to the ongoing network activity, thus their crucial role in the gen-
eration of different oscillatory types is postulated (Allen and Monyer, 2015). 
While it is expected that interneurons targeting somas and axon-initial seg-
ments and directly affecting PCs outputs control network oscillations, little is 
known about the role of dendritic-targeting interneurons. As mentioned 
above, bistratified neurons fire with the strongest phase coupling to the on-
going gamma activity in vivo (Penttonen et al., 1998; Tukker et al., 2007). 
Ivy cells also fire phase locked to gamma, however significantly slower than 
bistratified cells (Fuentealba et al., 2008; Klausberger et al., 2004). One of 
the common feature of nearly all dendritic targeting interneurons is that they 
do not fire phase locked to high frequencies (120-200 Hz), namely ripples 
oscillations (but see (Varga et al., 2012). During theta oscillations, most of 
the dendritic targeting interneurons fire around the through of the ongoing 
theta activity, at least in SP (Klausberger et al., 2005). Interestingly, PCs are 
also locked at the through of theta, indicating that dendritic-targeting INs 
modulate excitatory inputs when PCs are most active.  

Another important function of the dendritic targeting INs is the regulation 
of dendritic spikes in excitatory PCs. Of importance here is to explain linear 
and supralinear dendritic excitation. When the inputs to CA1 PCs dendrites 
are asynchronous, dendritic response will be linear. However, when the in-
puts are spatially clustered and temporally synchronous, the dendrites will 
respond in a supralinear manner and generate dendritic spikes. Dendritic 
spikes have been shown to serve as triggers of axonal action potentials in 
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PCs (Losonczy and Magee, 2006; Losonczy et al., 2008). In addition, den-
dritic spikes allow calcium influx and have been suggested to play an essen-
tial role in synaptic plasticity (Golding et al., 2002; Losonczy and Magee, 
2006; Remy and Spruston, 2007). A recent study has demonstrated that syn-
chronized input on highly excitable dendritic branches can resist recurrent 
inhibitory control by initiating strong dendritic spikes (Müller et al., 2012). 
The same study has shown that other dendritic branches can be strongly reg-
ulated by dendritic inhibition. The following section will give a more de-
tailed introduction on OLM interneurons.  

OLM interneurons       
The first description of OLM interneurons stems from 1893 when Ramon y 
Cajal described neurons with large somata located in SO and sending promi-
nent axonal projections to SLM (Sik et al., 1995), where excitatory inputs 
from EC and thalamus arrive. An estimation reported that 1640 OLM cells 
exist in CA1 of a rat, which constitutes 4.3 % of the total number of CA1 
interneuron (Bezaire and Soltesz, 2013). 74% of all OLM synapses are made 
on PCs while 17 % were reported as unidentifiable. That leaves only 9% of 
all the OLM synapses that are made on the other GABAergic cells (Katona 
et al., 2014). Sik et al (Sik et al., 1995) was the first one to fill OLM inter-
neurons in vivo and revealed their detailed morphological and synaptic con-
nectivity characteristics. OLM cells are excited by the local PCs and in turn 
inhibit PCs on distal apical dendrites, providing a classical example for 
feedback dendritic inhibition.  

Two studies have shown that CA1 OLM cells might not form a homoge-
neous cell population indicating the existence of at least two different OLM 
subpopulations. While evidence was shown that identified OLM cells ex-
press PV (Katona et al., 2014; Klausberger et al., 2003a; Tukker et al., 
2007), although in lower levels compared to basket cells, one study claimed 
that just one subpopulation of OLM cells, at least in CA3, expresses PV 
(Kipiani, 2009). Furthermore, this study claimed that PV+ OLM cells fire 
phase-locked to the in vitro induced gamma activity, in difference to PV 
negative OLM cells. Another study (Chittajallu et al., 2013) indicates dual 
developmental origin of the OLM interneurons. In this study, the authors 
identified OLM cells that express 5Ht3A receptors, thus originating from the 
caudal ganglionic eminence. Another group of OLM cells expressed Nkx-2-
1 receptor indicating that they origin from the medial ganglionic eminence. 
In addition, these two groups of OLM cells are differentially involved in 
network oscillations – 5Ht3A+ cells do not fire phase locked to the kinate-
induced gamma oscillations in vitro, in contrast to the Nkx-2-1 OLM cells. 
Interestingly, OLMα2 cells do not express PV (Study I), neither they fire 
phase-locked to the in vitro induced gamma activity (Study V). The remain-
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ing part of the introduction will focus on theta oscillations in the hippocam-
pus and will attempt to provide a theoretical background for the role of 
OLMα2 cells in controlling long LTP in vitro (Study I) and theta activity in 
vitro (Study V) and in vivo (Study IV).  

Theta Oscillations 
Theta oscillations is the most prominent and most extensively studied 
rhythm in the brain. This 4-10 Hz activity was first described in rabbits un-
der anesthesia  (Gogolak et al., 1963) and it has become the focus of atten-
tion of numerous scientists ever since Endre Grastayán showed a relation-
ship between this rhythm and the orienting reflex and motivational processes 
in the behaving cats (Grastyan et al., 1959; Grastyán et al., 1966). To date, 
scientists showed that, beside some spectral differences and regularity, theta 
activity is conserved across several species, including rodents, primates and 
humans (Buzsáki, 2002). Although no consensus has yet emerged regarding 
specific behavioral correlates of theta rhythm, there is an agreement that 
theta represents a neuronal network configuration underlying "on-line" state 
of the brain appearing during “voluntary" or “exploratory behavior" 
(Vanderwolf, 1969) and rapid-eye movement sleep (REM) (Jouvet, 1969). 
Furthermore, theta has been implicated to play an essential role in a large 
number of diverse mnemonic processes, providing control over LTP induc-
tion, or even acting as global synchronizing mechanism (Fujisawa and 
Buzsáki, 2011). 

 
Theta rhythm displays several typical characteristics both along somato-
dendritic and long hippocampal axis. For example, amplitude and phase of 
theta change as a function of depth. In dHipp, the amplitude of theta activity 
is highest in SLM and it displays a gradual decrease in amplitude and shift in 
phase from SLM to SO (Buzsáki, 2002). Current source density analysis of 
the laminar profile of CA1 field potentials recorded during theta oscillations 
revealed the presence of current sources in SP layer coupled to current sinks 
in the SLM, suggesting synchronous somatic inhibition and dendritic excita-
tion (Kamondi et al., 1998). It has been assumed that PCs receive coherent 
inhibitory (from septum to feedforward inhibitory neuron) and excitatory 
inputs (from EC). The interplay between these two current generators is sup-
posed to represent the mechanism behind the amplitude/phase versus depth 
profile of hippocampal theta oscillations. However, several issues are found 
in this model. While it was experimentally shown that somatic inhibition is 
coupled to dendritic excitation (Csicsvari et al., 1999), the questions regard-
ing the timing of this coupling remains open. If this model is correct, PCs 
should fire at the same phase of the ongoing theta activity. However, that is 
not the case, as PCs firing relationship to theta phase changes dynamically. 
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For example, in the case of place cells PCs are firing at the progressively 
earlier phase of the ongoing theta, the phenomenon commonly referred to 
phase-precession (O’Keefe and Recce, 1993). Furthermore, surgical removal 
of both ECs does not completely abolish theta activity, but it eliminates theta 
dipole at SLM (Buzsáki, 2002). Interestingly, electrical stimulation of the 
two pathways postulated to account for the two dipoles of theta (SC and EC) 
lead to LTP induction in the CA1 hippocampal region. Following session 
will give more insight into LTP and its association to theta activity.  

Long Term Potentiation (LTP) and theta 
Synaptic connections between neurons provide the fundamental "wiring" of 
the entire brain circuitry representing a dynamical, constantly changing sys-
tem, either in response to external, environmental stimuli or to internal neu-
ronal feedback. This dynamic property of the synapse machinery is called 
synaptic plasticity. Long-term forms of synaptic plasticity alter synaptic 
transmission over time scales of 30 minutes or longer, ranging to days, 
weeks or ultimately years {Citation}. The hippocampus was the first struc-
ture where synaptic plasticity was electrophysiologically studied. The prop-
erties of the LTP induction are strikingly similar to the theory of “Hebb syn-
apse" (Hebb, 1959) who proposed that coordinated activity of presynaptic 
terminal and postsynaptic neuron will result in an increased likelihood that 
these synapses will be activated upon subsequent presentations of similar 
input patterns. First insights into the LTP mechanism were obtained in the 
late 1960s (Bliss and Lomo, 1973;Lømo, 2003) when it was discovered that 
few seconds of high frequency electrical stimulation results in synaptic 
transmission enhancement. It is currently well accepted that LTP triggering 
processes are located in the postsynaptic cell and that they require elevated 
intracellular calcium levels. NMDA receptors involvement in LTP genera-
tion is also well established, at least on excitatory synapses, as NMDA an-
tagonists reversibly and selectively prevented potentiation induction (Muller 
et al., 1992). At the end of 1980s, several laboratories worked on determin-
ing specific variables accounting for the optimal LTP induction on SC syn-
apses on CA1 neurons in the hippocampal slices. Ultimately, Larson and 
Lynch (Larson and Lynch, 1989) established that short bursts of high fre-
quency stimulation produced maximal LTP when the bursts were 200 ms 
spaced apart, indicating required repetition at theta cycle time span. This 
was the first study to show the link between theta rhythm and long-lasting 
synaptic plasticity. Emerging line of evidence shows correlation among LTP, 
theta oscillations and acetylcholine levels, especially in vHipp (Roland et al., 
2014). Nicotine has been shown to facilitate LTP of SC synapses onto CA1 
pyramidal cells through receptors containing the nicotinic acetylcholine re-
ceptor alpha2 (Chrna2) (Nakauchi et al., 2007). Study I demonstrates the 
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role of OLMα2 cells in facilitating LTP on SC synapses, while simultane-
ously inhibiting LTP induced by TA pathway stimulation.   

Hippocampal theta model. Internal or external? 
Pacemakers or attractors? 
Several subcortical nuclei have been postulated to play a "pacemaker" role 
of the hippocampal theta oscillations. Classical theta model suggests that 
medial septum and diagonal band of broca (MS-DBB) connections to the 
hippocampus represent the minimal circuit required to drive hippocampal 
theta activity, although stimulation of several other subcortical nuclei elicits 
hippocampal theta (Bland and Oddie, 2001). Septal lesions, in addition to 
blocking theta, results in severe impairments in memory function 
(Vinogradova, 1995; Winson, 1978). However, despite over fifty years of 
research, no consensus has yet emerged regarding the question whether hip-
pocampal theta is internal or external and which are the existing pacemakers 
or attractors. Of importance here might be to explain the difference between 
pacemakers and attractors. Pacemakers are rhythmical tact-giver driving 
network activity in a specific frequency range independent of the input fre-
quencies (for example, stellate cells in the ECs have been postulated to dis-
charge at theta frequency for wide range of input frequencies (Kispersky et 
al., 2012). In contrast, attractors represent variables, in this case specific cell 
populations, which activity decreases the number of degrees of freedom in 
the underlying dynamical system (in this case hippocampal neuronal net-
work) and increases entropy. Although widely accepted that some brain 
structures possess cellular substrates acting as pacemakers, as the above 
mentioned stellate cells in EC, the existence of pacemaker in other structures 
is rather debatable. Indeed, some hypothesis suggest absence of pacemakers, 
but existence of attractors in form of specific cell populations which reso-
nance properties allow them to coordinate large cell assemblies of PCs 
(Giocomo and Hasselmo, 2008). Additionally, one study has shown that 
hippocampus itself can generate internal theta rhythm without any external 
input (Goutagny et al., 2009). However the power of these oscillations seems 
to be several orders of magnitude lower when compared to the "in tuto" tis-
sue preparation where both MS and its connections to the hippocampus are 
preserved (Goutagny, personal communication). These results suggest that 
although hippocampus itself might possess the minimal local circuit to en-
train its assemblies into theta coordinated manner, its connection with MS 
might be necessary to achieve physiologically relevant theta amplitudes. 
Another question of importance to address here is - if MS drives theta activi-
ty in the hippocampus, which one of the three septal populations - choliner-
gic, GABAergic or glutamatergic, members of the hippocampal ascending 



 21

pathway, play a major role in this process and how? Does a population of 
sufficient and/or necessary neurons exist permitting this process? The only 
convincing evidence stem from a recent study (Fuhrmann et al., 2015a) 
showing that optogenetic activation of glutamatergic cells in MS reliably 
induces movement-related theta activity in dHipp. Another system that ap-
pears necessary for certain memory functions is the cholinergic system. Sys-
tematic infusions of muscarinic cholinergic receptor antagonists produce an 
amnesic syndrome in all the species studied to date (Colom, 2006). In 1976 
the first evidence of the cholinergic origin of Alzheimer’s disease (AD) was 
reported, when it was discovered that the activity of enzymes involved in the 
synthesis and degradation of acetylcholine was remarkably reduced in autop-
sy of brain tissue from patients with AD (Davies and Maloney, 1976). Cho-
linergic septohippocampal neurons send their projections to both hippocam-
pal PCs and INs while septo-hippcampal GABAergic neurons exclusively 
synapse on GABAergic INs (Freund and Buzsáki, 1996). The theta rhythm 
appear to originate in the brainstem in form of non-rhythmical neuronal dis-
charges. Septum has been postulated to play a “node" role, where rhythm 
synchronization occurs and is been transmuted to the hippocampus and cor-
tices (Vertes and Kocsis, 1997). The last four decades of research reported 
remarkable number of rhythmical neurons highly correlated with hippocam-
pal theta and the number of this neurons is several times higher than number 
of the rhythmic neurons in the hippocampus. In addition, the existence of 
neurons that show prominent rhythmic firing in theta, even in the absence of 
theta oscillations in the hippocampus was reported (Colom, 2006), while no 
evidence of this type of electrophysiological behavior was found in the hip-
pocampal neurons. Several in vitro studies suggest that slow firing frequen-
cy, long-lasting action potentials, long afterhyperpolarization and little or no 
hyperpolarization current (Ih) are characteristics of cholinergic neurons, 
while non-cholinergic neurons show bursting and non-bursting firing pat-
terns. Remarkably, neuron positive for GAD67 show fast firing and promi-
nent Ih (Sotty, 2003). Although it is still debatable how these three different 
cell populations entrain hippocampal neuronal networks, one can assume 
that a certain amount of excitation from the MS is necessary to entrain hip-
pocampal neurons in theta coordinated manner. The next sessions (and Study 
IV) will imply how at least two different MS cell populations might distin-
guish the two types of theta.   
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Figure 3. Hypothetical model of medial septum-hippocampus circuits involving 
three main neuronal populations: GABAergic (blue), cholinergic and glutamatergic. 
Continuous lines represent septal, while dashed lines denote hippocampal neurons. 
(Modified from Colom et al, 2006) 

Type 1 and Type 2 theta oscillations 
Early studies (Vanderwolf, 1969) referred to theta activity as the mechanism 
organizing higher (voluntary) motor acts. However, reports that theta activity 
can occur during anesthesia and alert immobility (Kramis et al., 1975) con-
tradicted this view. For example, when a rat placed in an aversive situation, 
just prior to the jump avoidance response, it displayed prominent theta activ-
ity (Vanderwolf, 1969). Movement related theta activity is generally referred 
as type 1 theta, while theta rhythm appearing during immobility is named 
type 2 theta. Several characteristics distinguish these two types of theta 
rhythm.  The type 1 behavior includes walking, running, rearing, jumping, 
swimming, etc. It displays frequency range of 7-12 Hz, at least in rats and 
rabbits and it is not abolished by large doses of muscarinic antagonist atro-
pine, but it is sensitive to most anesthetics such as urethane, ketamine or 
pentobarbital (Bland, 1986). Type 1 theta displays a typical characteristic of 
increasing frequency as a function of animals’ speed (Kuo et al., 2011). 
Speed modulation of hippocampal theta frequency was also shown to corre-
late with spatial memory performance (Richard et al., 2013). In addition, a 
recent study showed that stimulation of glutamatergic neurons in MS induc-
es type 1 theta in the hippocampus, proving its independence of the cholin-
ergic system (Fuhrmann et al., 2015). Differentially, type 2 theta is defined 
as a form of theta oscillations that occurs in completely absence of move-
ments. However, theoretical analysis postulated coexistence of the two thetas 
(Leung, 1984), although no experimental evidence has proven that this is the 
case. Study IV claims that type 1 and type 2 theta co-exist during animals’ 
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movements and that vHipp OLMα2 cells represent a cellular substrate that 
allows type 2 theta to be elicited. 

While type 1 theta has been rather advantageous to study due to its relia-
ble appearance during animals’ movements, at least in dHipp, that was not 
the case with type 2 theta. Sainsbury and colleagues demonstrated that type 2 
theta is induced in rodents during arousing and vigilant conditions, such as 
an innate anxiety tests in the presence of predator’s smell (Sainsbury et al., 
1987) or prior to a jump avoidance, as mentioned above. Type 2 theta has 
slightly lower overall frequency (4-9 Hz), it is resistant to all experimentally 
tested anesthetics, but sensitive to cholinergic antagonist like atropine and 
scopolamine. Few researchers, like Sainsbury and Montaya (Montoya et al., 
1989; Sainsbury et al., 1987) have spent considerable efforts trying to identi-
fy reliable stimuli capable to induce type 2 theta. For example, in guinea 
pigs, random auditory stimulus failed to induce type 2 theta, however when 
coupled with “arousing” owl sound, prominent type 2 theta was elicited  
(Sainsbury and Montoya, 1984). Interestingly, type 2 theta is most reliably 
induced in rabbits by a wide range of stimuli, including visual, auditory, 
tactile or olfactory stimulation. Theta observed in anesthetized animals were 
thought to be generated by somatic (proximal) inhibition and to correspond 
to type 2 theta. Leung et al (Leung, 1984) called this dipole 1 and postulated 
to originate from septo-hippocampal cholinergic neurons. Dipole 2, arising 
from the dendritic excitation, is thought to account for the gradual phase-
shift from SLM to SP observed in freely moving animals (Buzsáki, 2002). 
Thus, it was suggested that dipole 2 accounts for type 1 theta, probably orig-
inating through both the septum and enthorhinal cortex.  

The theory of two inputs responsible for type 1 and type 2 theta, respec-
tively, was also defended in a classical “sensorimotor model” of Brian Bland 
(Bland, 1986b; Sainsbury and Montoya, 1984). Before I go into the explana-
tion of this model, there is an interesting phenomenon important mentioning 
-  namely “theta cells” (cells that fire phase-locked to the ongoing theta ac-
tivity) always discharge at higher firing rates during type 1 than during type 
2 theta, even at equivalent theta frequencies. Thus, in his sensorimotor mod-
el, Bland argues that tonic levels of activity in the input channels of sensory 
modalities results in LIA. When the phasic change occurs (equivalent to an 
arousal stimulus), type 2 theta activity appears. Theta cells then increase 
their discharge as a function of the “strength of the stimulus”. Thus, he ar-
gues that the sensory processing system provides the motor system with 
“readiness” for movement. However, this model fails to explain why in same 
cases prominent type 2 theta during immobility is not accompanied by sub-
sequent movement. Of note, all these studies were performed in dHipp, as 
the knowledge of functional differences along the dorso-ventral hippocampal 
axis was not available at that time. Study IV claims that type 2 theta origi-
nates in vHipp and might present travelling waves along ventro-dorsal hip-
pocampal axis, equivalent to type 1 theta travelling along dorso-ventral axis 
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(Lubenov and Siapas, 2009; Patel et al., 2012).  Thus, we argue that, when 
animal exposed to an arousal, type 1 and type 2 theta coexist during move-
ments. The spectral closeness and the prominence of type 1 theta in dHipp 
during movements might have precluded this observation in the past. 

Acetylcholine and theta 
Early studies have demonstrated that hippocampus receives major choliner-
gic innervation from MS (Lewis and Shute, 1967). For example, lesions in 
the MS result in a complete loss of acetylcholinesterase (AChE) in the hip-
pocampus as well as in significant decrease in choline acetyltransferase 
(Chat) activity. When fimbra forinx is stimulated, population spikes in SP of 
the CA1 hippocampal region are greatly enhanced when acetylcholine (ACh) 
is applied (Krnjević and Ropert, 1982). In addition, both PCs and INs dis-
play depolarization upon ACh application. Pre-synaptic excitatory inputs to 
the apical dendrites of PCs are also modulated by ACh (Rovira 1983).  

Kramis et al (Kramis et al., 1975) were the first ones to demonstrate the 
cholinergic nature of type 2 theta. Atropine sulfate injections completely 
abolished theta activity in both anesthetized and immobile rats. However, 
when atropine methyl nitrate, that does not cross the blood-brain barrier, was 
applied, theta activity still persisted. Injection of cholinergic agonists like 
carbachol or cholinesterase inhibitor eserine in MS specifically induced type 
2 theta, leaving type 1 theta relatively unaffected. Interestingly enough, 
Dudar et al (Dudar et al., 1979) showed that systemic injection of atropine 
abolishes the increase in ACh during sensory stimulation, but it did not af-
fect ACh release during motor behavior. All this provides strong support for 
the cholinergic nature of type 2 theta activity and its site of action in MS. In 
addition, initiation of theta by carbachol application (even when injected in a 
very small hippocampal small area rich with cholinergic projections from 
MS) opposes the theory of MS acting as a pacemaker, as in this case no 
rhythmic input from MS is necessary.  

Theta oscillations along dorso-ventral hippocampal axis  
While significant efforts have been made to understand functional differ-
ences among the three hippocampal subsystems (CA1, CA3 and DG), dec-
ades have passed before differences along dorso-ventral hippocampal axis 
were assessed, as discussed in the session about dHipp and vHipp. Remarka-
ble differentiations have been also observed for type 1 theta activity along 
dorso-ventral axis. The variation of power and frequency of theta signal has 
been linked to the locomotor speed of the rodent (Feder and Ranck, 1973; 
Vanderwolf, 1969). Interestingly, gamma rhythm amplitude also varies as a 
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function of speed (Ahmed and Mehta, 2012). While a strong relationship 
between theta and locomotor speed has been observed in dHipp, a systematic 
decline in this relationship with increasing distance from the dorsal hippo-
campal pole was reported (Lubenov and Siapas, 2009; Patel et al., 2012). In 
addition, the number of place cells progressively declines towards the ventral 
hippocampus, while place fields become larger (Kjelstrup et al., 2008). Ex-
tensive work about theta-speed relationship along the dorso-ventral hippo-
campal axis came from the work of Chrobak group (Long et al., 2015). They 
speculate that theta-speed relationship might represent the flow of sensory 
input across hippocampus. That suggests that, if the animal is moving faster, 
it has to process the information on a shorter time scale, if the same or simi-
lar efficiency as during the slower movements is to be achieved. Thus, theta-
speed relationship could provide clues about the network uncertainty and 
stability of the system (Lisman and Redish, 2009). Furthermore, when an 
animal placed in a novel environment, theta amplitude increases along the 
entire dorso-ventral axis (Penley et al., 2013). On the other hand, habitua-
tion-dependent theta decrease is observed stronger in vHipp than in dHipp 
(Hinman et al., 2011). The authors conclude that dHipp might be continu-
ously involved in processing current experience, while vHipp accounts for 
larger spatial and temporal scales. Thus, this activity might habituate in 
vHipp when no significance for the ongoing behavior is any longer detected.  

Two studies have shown that theta oscillations are travelling waves along 
the dorso-ventral hippocampal axis (Lubenov and Siapas, 2009; Patel et al., 
2012). However, while the first one reports phase shift of 360 degrees, the 
second one claims phase shift of 180 degrees. Chrobak argues that this phase 
shift is not “hard coded” in the hippocampal neuronal networks, but that 
environmental variability and  the nature of the task in which the organism is 
involved in might dynamically change the segregation of neuronal networks 
along the long hippocampal axis (Long et al., 2015). While frequency of 
theta has been reported to represent a relatively fixed phenomenon (Hinman 
et al., 2011), recent findings contradict this observation. Specifically, during 
emotional responses theta frequency in vHipp is slower than theta peak in 
dHipp (Adhikari et al., 2010). On the first sight, these results contradict the 
claim of theta oscillations being travelling waves along the dorso-ventral 
hippocampal axis. Study IV provides a potential solution to this conundrum.   

Theta activity in anxiety-related behavior 
The hippocampus has been referred to be a cognition-related structure for 
several decades. However, accumulating research evidence reveals hippo-
campal relation to anxiety-related behavior.  A clinically frequently used 
term “anxiety” refers to a wide spectrum of neurophysiological disorders and 
defensive reactions. Extensive work of Gray and McNaughton was the first 
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one to point to the hippocampal role in anxiety-like behavior (Gray and 
McNaughton, 1983; Gray et al., 1977; McNaughton and Gray, 2000). One of 
the classical models for theta induction in anesthetized animals is the high 
frequency stimulation of reticular formation (McNaughton and Sedgwick, 
1978). Interestingly, all classes of anxiolytic drugs (including benzodiaze-
pines, 5-HT1A receptor agonists and selective serotonin reuptake inhibitors) 
decreased the frequency of the reticular-induced theta (McNaughton et al., 
2007). Furthermore, induction of anxiolytic drugs directly into 
supramammilary nucleus reduced theta frequency and induced anxiolytic 
behavior nearly in the same extent as systemic injection of anxiolytic drugs 
(Woodnorth and McNaughton, 2002). Two studies have shown that anxiolyt-
ic drugs impair spatial information processing (McNaughton and Morris, 
1987, 1992). Of importance mentioning here is that all of these studies were 
conducted in dHipp. However, several recent studies have shown that theta 
activity increases specifically in vHipp, but not in dHipp, during open field  
and elevated plus maze tests (Adhikari et al., 2010, 2011). This activity syn-
chronizes vHipp and prefrontal cortex and it seems to be dependent on gap 
junctions’ activity (Schoenfeld et al., 2014). While cellular mechanisms be-
hind theta activity in dHipp were studied (Amilhon et al., 2015b; Fuhrmann 
et al., 2015b; Stark et al., 2013), nothing is known about the cellular mecha-
nism of theta activity in vHipp. Study IV and V provide more in depth evi-
dence regarding this question.  
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Results and Significance 

Study I 
The Chrna-Cre mouse line was originally designed to mark Renshaw cells in 
the spinal cord (Perry et al, 2014). Abundant presence of Cre positive cells 
specifically in the CA1 region of the hippocampus motivated our group to 
identify these neurons and study their role by usage of optogenetics, electro-
physiology and imaging techniques in vitro hippocampal slice preparation. 

Main results and significance 
We characterized electrophysiolgically and molecularly Chrna2 positive 
cells in the hippocampus and concluded that they form nearly homogeneous 
cell population, 92-96 % percent of examined cells were identified to be 
somatostatin positive OLM interneurons. While other widely used hippo-
campal interneuron markers such as somatostatin (see Study II) and 
parvalbumin mark several distinct cell populations, the first significant result 
of this study was the fact that Chrna2 marks specifically OLM interneurons. 
We named them OLMα2 cells. Additionally, we sought to understand their 
role in the hippocampal circuits. Using voltage dye imaging, we found that 
OLMα2 cells inhibits distal PCs dendrite, as previously known from anatom-
ical data. Their activation decreased the input coming from EC. On the other 
hand, activation of OLM cells increased internal inputs arriving from the 
CA3 to the CA1 PCs. Intracellular voltage imaging revealed that OLMα2 
cells activation disinhibit proximal PCs dendrites. These results implied 
connection between OLMα2 interneurons and proximal dendrites targeting 
cells. Indeed, optogenetic activation of OLMα2 cells resulted in EPSP in two 
identified proximal dendrites targeting interneurons - bistratified cells and 
SR neurons. In addition, we found that OLMα2 cells receive cholinergic 
inputs from the MS-DBB. Finally, we analyzed the role of OLM interneu-
rons in the LTP induction which role has been previously hypothesized to be 
mediated by nicotine. We found that optogenetic activation of OLMα2 cells 
results in LTP increase on SC synapses. These results were comparable to 
the nicotinic bath application in hippocampal slices. Conversely, LTP on TA 
CA1 pathway was suppressed by OLMα2 cells activation. Crossing Chrna2-
cre animal with VIAAT-KO animals, achieving selective removal of 
GABAergic transmission from OLMα2 cells, and conducting LTP experi-
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ments as described above, showed opposite results. In summary, Study I 
shows that Chrna2 is specifically expressed in the OLMα2 cells of the CA1 
region and subiculum and that their activation differentially modulates inter-
nal input from the CA3 and external input form the EC. 

Study II 
Setting 
The aim of this study was the point to the specificity of our Chrna2 marker 
in comparison to the widely used SOM-Cre mouse line. In addition, we em-
phasized the prevalence of OLMα2 cells in the ventral/caudal part of the 
CA1 hippocampal region.  

Main results and significance 
Somatostatin has been classically referred to mark specifically OLM inter-
neurons in the hippocampus. However, somatostatin also marks other cell 
populations, like bistratified interneurons. These two cell populations inner-
vate PCs at distinct compartments and are differentially involved in hippo-
campal neural networks (Mueller, Remy, 2014). In addition, one study has 
shown their differential network involvement during sleep and movement 
(Katona, 2014). For example, bistratified cells display high frequency and 
phase-locked firing to sharp-wave ripples (SWRs) during sleep, in contrast 
to OLM cells, that are mostly inhabited during SWRs. While during move-
ment both cell types fire at the through of theta, they do so with different 
frequencies. One study optogenetically activated SOM+ cells in the hippo-
campus and concluded that OLM cells are unlikely to play a role in theta 
activity (Royer, 2010). However, beside the fact that SOM marks at least 
two different cell populations in the hippocampus, an additional problem 
arises from the fact that the available Cre lines could display unspecific ex-
pression. Study II shows that this is indeed the case for the widely used 
SOM-Ires-cre line (Taniguchi, 2011). Previously it was shown that this Cre 
line shows unspecific Cre activity in the neocortex, targeting both dendritic 
and somatic projecting interneurons (Hu, 2013). Our observation indicates 
even more dramatic picture in the hippocampus. Nearly a third of all identi-
fied cells displayed typical anatomical and electrophysiological characteris-
tics of excitatory PCs, especially in vHipp, while 6 % of all the neurons 
showed characteristics of fast-spiking cells. Another aim of this study was to 
point to the existence of two additional GENSAT BAC lines attempting to 
use Chrna2 promoter (Chrna2-Cre-OE25 and Chrna2-Cre-OE29, 
www.gensat.org). Closer look into the expression pattern of these two lines 
revealed significantly less specific expression in comparison to our 
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Tg(Chrna2-cre)1Kldr mouse line. In summary, this study claims that SOM-
cre line should be used with caution when aiming to separate functionally 
distinct interneuron populations. Furthermore, it emphasize that Tg(Chrna2-
cre)1Kldr mouse line could be used to study differences between dHipp and 
vHipp. 

Study III 
Setting 
The aim of this study was to investigate light-induced artefacts in the exper-
iments combining optogenetics and local field potential (LFP) recordings.  

Main results and significance  
Optogenetics has been revolutionizing neuroscience in the last decade 
(Method of the year 20110). However, the rush of this novel technique usage 
brought to several reassessments showing that early claims might have been 
affected either by opsin efficiency or light stimulation limitations. One espe-
cially overlooked phenomenon in the experiments combining optogenetics 
and LFP recordings is the photovoltaic effect. This effect was firstly noticed 
when metal electrodes in a slightly acidic solution were exposed to light – 
that resulted in generation of electricity. In this work, we aimed to under-
stand how light affects electrodes in experiments where LFPs are recorded. 
We report that light leads to several artefacts that resemble genuine LFP 
features in animals with no opsin expression. For example, light leads to 
stereotypic peaks in the power spectrum that appear like the peaks that re-
flect oscillatory activity. Furthermore, we observed that spectral peaks across 
different recording sites were uneven, implying that light illuminates the 
probe asymmetrically. These uneven spectral peaks across different record-
ing sides led to spurious current sources and sinks identification. We further 
compared sinusoidal vs square pulses light stimulation. For example, for 8 
Hz light stimulation, square pulses generated peak at the power spectrum of 
similar size as sinusoid stimulation. However, square pulses, but not sinus-
oid, produced several harmonic peaks. In addition, square pulses light stimu-
lation protocol also produced artefactual “spikes”. We next investigated how 
light stimulation at specific frequency affects LFP at lower frequencies. We 
did not observe any significant change in the baseline frequency range. The-
se results indicate that light frequency stimulation above the oscillatory fre-
quency of interest can be used, if the light-induced artefact is to be avoided. 
Furthermore, this study showed that light stimulation itself can lead to the 
artefactual cross-frequency coupling. As previous studies have shown that 
PV+ INs generate gamma in the neocortex and theta in the hippocampus, we 
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used this mouse line to study how genuine optogenetically driven oscilla-
tions can be distinguished from the light-induced artefacts. To our surprise, 
we could not separate genuine oscillations induced by PV+ cells activation 
from the light-induced artefacts. In summary, this study suggests that caution 
should be taken when conducting experiments using optogenetics and LFP 
recordings and offers few suggestions how light-induced artefacts can be 
detected and prevented.  

Study IV 
Setting 
Study I and II have provided knowledge about specificity of the Chrna2 
marker labeling a subpopulation of CA1 OLM interneurons. In addition, 
Study I has shown that OLMα2 cells facilitates LTP on SC synapses, while 
inhibiting LTP on TA synapses. It has been previously postulated that OLM 
interneurons fire strongly phase-locked to theta activity in vivo. Using 
knowledge about combined optogenetic stimulation and LFP recordings 
derived from Study III, we aimed to test the role of OLMα2 cells in contrib-
uting to theta oscillations generation.  

Main results and significance 
Outside of theta frequency range (16 Hz) OLMα2 cell light stimulation re-
sulted in strong theta activity induction in anesthetized animals. This activity 
was abolished by the application of atropine. Furthermore, we showed that 
even higher stimulation frequencies (32 and 40 Hz) induced theta activity. 
Non-rhythmical light stimulation (ramp) also resulted in theta activity induc-
tion. These data suggested that OLMα2 cells might be endowed with bio-
physical properties allowing them to drive theta oscillations. We next asked 
whether OLMα2 INs require PCs activity to induce theta rhythm. To test 
that, we simultaneously injected Cre-dependent ChR2 in OLMα2 cells and 
CamKII-Halorhodopsin in PCs. Optogenetic activation of OLMα2 cells with 
simultaneous inhibition of PCs did not result in theta activity induction, indi-
cating necessity of PCs for theta oscillations to occur. We next asked how 
OLMα2 cells stimulation affects oscillatory activity in drug-free animals. 
While animals were running with constant velocity on a treadmill, we rec-
orded activity in vHipp. During running with 10 cm/s velocity, animals dis-
played a typical ~ 8 Hz theta peak, shown previously to reliably appear dur-
ing animal’s movements. When OLMα2 cells were stimulated, the move-
ment-related theta peak was not affected, but a slower theta peak ~ 7 Hz 
appeared. Interestingly, in a group of animals where we implanted electrodes 
in both dHipp and vHipp, we observed that slower theta peak induced in 
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vHipp also reached dHipp, however with lower amplitude. Previously it was 
shown that slower theta activity corresponds to the cholinergic-dependent 
type 2 theta and it is induced during specific emotional behaviors. One of the 
most efficient arousal stimulus for type 2 theta induction in rodents is preda-
tor odor smell (Sainsbury and Montoya, 1984). Thus, we aimed to address 
the role of by OLMα2 induced theta activity in this test. Predator smell in-
duced slower theta activity in vHipp of both Control and Chrna2/ChR2 ani-
mals, especially in the middle of the field, where the cue was placed. How-
ever, Chrna2/ChR2 animals displayed higher amplitude low theta peak in 
comparison to Control animals. Furthermore, they showed significantly in-
creased risk-taking behavior. These data suggest that OLMα2 cells might 
represent a cellular mechanism behind type 2 theta activity and innate anxie-
ty responses to predator smell. We have shown in Study I that OLMα2 cells 
receive cholinergic modulation from the medial septum. A recent study 
(Fuhrmann et al., 2015) showed that putative OLM cells in dHipp receive 
strong glutamatergic input from the medial septum and drive type 1 theta 
activity. In addition, preliminary data from our lab (data now shown) re-
vealed electrophysiological differences between dHipp OLM and vHipp 
OLMα2 cells. We finally postulate the existence of two different OLM cell 
populations, one prevalent in dHipp, receiving glutamatergic input and driv-
ing type 1 theta; and the other prevalent in vHipp receiving cholinergic input 
and driving type 2 theta activity. Future studies should reveal if that is in-
deed the case.  

 



 32 

Study V 

Setting 
Once we have gained sufficient amount of knowledge about the role of 
OLMα2 neurons in vivo, we sought to understand the mechanism of their 
ability to drive theta activity in vitro.  

Main Results and Significance 
 
Computational and experimental studies have consistently shown that specif-
ic interneuron populations discharge in different phases of the ongoing oscil-
latory activity (Klausberger and Somogyi, 2008). For example, PV+ basket 
cells fire phase locked to the ongoing gamma activity in vitro (Gulyás et al., 
2010), while OLM cells couple strongly to theta oscillations in vivo 
(Klausberger et al., 2003). While currently well accepted that CA1 and CA3 
hippocampal regions have independent gamma oscillators, no study has as-
sessed independent gamma and theta oscillators in the CA1 region itself. To 
address this question, we postulated that PV+ basket cells innervating somat-
ic region of PCs and OLMα2 neurons, innervating distal dendrites of PCs, 
participate in distinct pacemaker networks in vitro. We first performed sim-
ultaneous patch-clamp recordings from the somatic and distal dendrite re-
gion of PCs during carbachol-induced gamma oscillations in horizontal hip-
pocampal slices. We observed that membrane potential of distal dendrites 
show less coherence to gamma oscillations than perisomatic compartments. 
We further assessed PV+ basket and OLMα2 cells firing in relation to the 
ongoing gamma activity. PV+ basket cells discharged strongly phase-locked 
to gamma as shown previously (Gulyás et al., 2010). In contrast, OLMα2 
cells showed little coupling to the ongoing gamma activity. Further, we 
wandered how OLMα2 and basket cells respond to 16 Hz sinusoid 
optogenetic stimulation. When carbachol was applied, OLMα2 responded to 
16 Hz optogenetic simulation in theta, while basket cells fired consistently in 
gamma. Finally, we performed calcium imaging in SO of the CA1 hippo-
campal region of Chrna2-cre mice. During carbachol induced gamma oscil-
lations, OLMα2 cells displayed prominent firing in theta. In summary, this 
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work in progress suggests that PV+ basket cells and OLMα2 interneurons 
participate in gamma and theta pacemaker networks, respectively.  
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Summary  

In my PhD thesis I present compelling evidence that Chrna2-cre mouse line 
(transgenic mouse line expressing Cre under control of Chrna2 – cholinergic 
nicotinic α2 receptor) produced in our lab marks specifically a subpopulation 
of inhibitory interneurons in the CA1 region of the hippocampus, so called 
OLMα2 cells. Optogenetic activation revealed that OLMα2 interneurons act 
as information gate-keepers of the hippocampus and provide control over 
LTP induction (Paper I). Furthermore, we showed that Chrna2-cre line 
shows a gradient-like anatomical distribution by displaying the highest den-
sity in the ventral hippocampus and it is significantly more specific com-
pared to the widely used SOM – Cre line (Paper II). Optogenetics is a novel 
method that allows activation of genetically identified cell populations by 
light. While this method has revolutionized neuroscience in the last decade, 
several artefactual phenomena that arise when the light is reaching recording 
electrodes used to measure brain activity are poorly characterized. We found 
that if the light used at the same frequency as the brain signal frequency of 
interest, it is impossible to distinguish between the genuine signal and the 
light-induced artefacts (Paper III). Methods developed and presented in Pa-
per III were used in Paper IV. Given previous findings showing that OLM 
interneurons fire strongly phase-locked to theta oscillations and their high 
density in the ventral hippocampus (Paper II), we hypothesized their role in 
anxiety related theta activity. We showed that their optogenetic activation 
results in a strong increase of a specific type of theta oscillations, type 2 
theta, and anxiolytic behavior. In paper V, we provide mechanistic explana-
tion allowing OLMα2 interneurons to maintain theta-related firing in vitro. 
In summary, the work presented in this PhD thesis elucidates the role of a 
morphologically and electrophysiologially identified cell population, 
OLMα2 interneurons, first on the cellular, then on the circuit and ultimately 
on the behavioral level. 
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Future perspectives 

The results that I present in this thesis, especially the discovery in Study IV, 
offers a large number of possibilities for future studies that I am planning to 
pursue. Some of them are following:  
 

1. To address if the septal input is necessary for OLMα2 to drive 
hippocampal theta activity, I attempt to activate OLMα2 cells 
while simultaneously inhibiting septal networks (Figure 4). To 
prove the cholinergic input necessity for OLMα2 interneurons to 
drive type 2 theta activity, we could produce Chat/ChR2 (to acti-
vate) or Chat/Arch (to inhibit) cholinergic cells in the medial sep-
tum, while simultaneously modulating OLMα2 cells in the hippo-
campus.  

2. I am planning to address the question of how by OLMα2 induced 
theta activity synchronizes vHipp and prefrontal cortex (PFC) 
(Figure 5), as it was shown previously that vHipp, but not dHipp, 
synchronizes with PFC during anxiety-related behavior (Adhikari 
et al., 2010).  

3. By recording along the entire dorso-ventral hippocampal axis and 
in all strata, I attempt to test our hypothesis of type 2 theta being 
traveling waves along the ventro-dorsal hippocampal axis. 

4.  Possessing a way to control type 1 theta (Fuhrmann et al., 2015a; 
Hinman et al., 2011) and type 2 theta (Study IV), offers for the 
first time the possibility to study how these two theta types inter-
act with each other in a controlled manner. Both aforementioned 
studies have used activation of specific cell populations and 
demonstrate their sufficiency in driving specific oscillatory types. 
However, only inhibition in a closed loop manner can prove the 
necessity of a specific cell type in driving a particular oscillation.  

5. We have developed a real-time system that will allow us to detect 
a specific frequency range during animals’ behavior. In the next 
set of experiments we will inject Archeorhodopsin (inhibitory 
opsin) in OLMα2 cells. Once the frequency range of type 2 theta 
in vHipp is detected, OLMα2 cells will be inhibited. By that, we 
will answer if OLMα2 cells are necessary for type 2 theta activity 
to occur.  
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6. Furthermore, crossing VGlut2/ChR2 with Chrna2/Cre line would 
offer an additional possibility to study how the inhibition of 
OLMα2 cells (and postulated elimination of type 2 theta) would 
affect type 1 theta. On a longer term, we could study how the 
modulation of type 1 vs type 2 theta affects both spatial infor-
mation processing (for example, in terms of place cell activity) 
and emotion-related behavior.  
 

 
Figure 4. Experimental setup allowing investigation of the cholinergic innervation 
from MS being involved in OLMα2 cells ability to control type 2 theta activity and 
anxiety behavior in the Hipp-PFC network. 

 
 

Figure 5. Home-made electrodes arrays will be implanted in dHipp, vHipp and PFC, 
while optical fiber will be implanted in vHipp to optogenetically activate or inhibit 
OLMα2 cells. Animals will be exposed to the predator smell anxiety test. 
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