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Abstract
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The anatomical signatures of the mnemonic/emotional processes share many brain structures, 
one of which seems to constitute a bridge, the hippocampus. It functions as a structure that 
consolidates engrams. It is connected to the prefrontal cortex, nucleus accumbens and amygdala, 
structures that provide emotional salience. This is, from an evolutionary perspective, likely a 
selection of fitness relevant engrams. Inputs from such structures to the hippocampus increase 
the likelihood of engram consolidation and behavioral response into long-term deposits. The 
hippocampal input pathways appear to be of importance for encoding and retrieval processes. 
During first encounters, entorhinal temporoammonic inputs are necessary for identifying 
probable threats and encoding of environmental cues. We find that artificial silencing of gate 
keeper neurons, named oriens lacunosum-moleculare (OLM) cells, increases approach and 
memory recall of novel cues in several tasks. Further, silencing of OLM cells mediates effective 
learning by increasing promiscuity in pyramidal cells in response to incoming sensory and/
or emotional value inputs from other limbic structures, such as the basolateral amygdala. 
Depending on the dorsoventral position of the OLM cells, different phenotypes can be observed 
in different tasks. This is likely, at least in part, because of dorso-ventral differences in the 
connections between the hippocampus and other structures. In addition, OLM cells can control 
the specific oscillation frequency theta II (6-8 Hz), which appears in the ventral hippocampus 
and facilitates approach to predator odors. In conclusion, we show that the hippocampal 
circuit involving a subtype of OLM cells, is processing value of sensory cues through the 
temporoammonic pathway, and possibly affecting the basolateral amygdala inputs.
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Introduction 

This thesis is a discussion on the possible mechanisms driving mnemonic pro-
cessing through value selection, centered around a micro circuit in the hippo-
campus. First, we will delve into some psychological aspects and define ter-
minology in that topic. The subsequent conclusions are based on four papers 
dealing with learning and aversive responses to visual, tactile, and olfactory 
cues. Conclusions will consider evolutionary perspectives since they deal with 
biological systems. Moreover, oscillatory and circuit dynamics centered 
around the function of one inhibitory interneuron subtype will be described. 
The introduction will end with a discussion into the probable mechanisms un-
derlying value processing, all based on literature. Later, methodologies of the 
papers will be presented, followed by a summary of results. Further, a section 
describing the hypotheses drawn by the author based on the work.  

Considering arguments surrounding the usage of certain terminology in ani-
mal research, by LeDoux and Brown, 2017, we first need to present some 
definitions. Even if I do not entirely agree with the assessment of this topic by 
LeDoux and Brown, I do think that we need to predefine what we mean when 
we use certain terminology. The foundation of my definition of emotions is 
based on James Papez’ description:  

“The term "emotion" as commonly used implies two conditions: a way of act-
ing and a way of feeling. The former is designated as emotional expression; 
the latter, as emotional experience or subjective feeling.” (Papez, 1937). 

In addition, I would argue that emotions are specifically some of the responses 
to survival and procreation beneficial/detrimental conditions. Those condi-
tions could either be external or internally derived. Such emotional responses 
are indicative of the valued cues for the phenotypic fitness of the animal, 
which is a measure of an individual’s level of adaption to the environment for 
survival and procreation.  

Within this broad definition, primary or basic emotions are included as de-
scribed by Panksepp, 2011 and Montag and Panksepp, 2017, to be the most 
ancient parts of the mind hosted by deep subcortical structures. The hypothesis 
includes seven primary emotions: seeking, lust, care, play, fear, rage/anger, 
sadness/panic.  
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Furthermore, the variables composing emotional repertoire are valence (De-
gree of appetitiveness/aversiveness) and level of arousal, which will be de-
scribed further below (section “value of memory”; Figure 1). In conjunction, 
emotional repertoire would be dependent on the ethological condition of that 
animal, such that the behavioral response is relevant to the environment of the 
species and individual.  

Learning is an adaptation of behavior to changes in the environment with 
memory as the ability of engraving and retrieving environmental cues. The 
neuronal network representation of the memory is defined as engram. These 
definitions are in line with descriptions by Damasio, 1995 and Pessoa, 2013.  

Both processes, I assume, are essential to cognition and the animal’s predict-
ability and decision making. The process of learning is probably one of the 
most ancient forms of an organism’s ability for behavioral adaptation 
(Schacter et al., 1978). This is greatly illustrated by Richard Wolfgang Semon 
in his book “The mneme” (Semon, 2010): 

“When an organism has been temporarily stimulated and has passed, after cessation 
of the stimulus, into the condition of “secondary indifference”, it can be shown that 
such organism - be it plant, protist, or animal - has been permanently affected. This I 
call the engraphic action of stimulus, because a permanent record has been written or 
engraved in the irritable substance.” 

The process of learning occurs in all living organisms in different forms, from 
the unicellular to the multicellular. The ability to adapt is essential for the sur-
vival of a organisms and likely, one of the most ancient functions of nervous 
systems. Likewise, so are aversive and appetitive responses to environmental 
triggers. Aversion for instance, can be observed in animals with very simple 
nervous systems, such in the case of C. elegans’ avoidance of pathogenic bac-
teria (Meisel and Kim, 2014). Furthermore, these different forms of learning 
processes, especially in nervous systems, require a lot of energy expenditure 
(Ampel et al., 2018). Therefore, it is probable that there is a selection process 
based on fitness relevance, which indicates the value of a certain environmen-
tal cue.  

 

Value of memory 
In the near past, philosophers and neuroscientists have separated rationality 
(or cognition) and emotion, primarily due to Cartesian dualism, in which Des-
cartes draws a line between mind/body and rationality/emotion. António 
Damásio challenged the latter idea with his “somatic marker hypothesis” 
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(Damasio, 1995). He argues that emotions guide behavior by priming or asso-
ciating to specific environmental inputs, and therefore modulate cognitive pro-
cesses. In the case of learning, the most robust engrams contain the highest 
emotional salience in humans (Bohannon, 1988; Cahill, 2003; Christianson 
and Loftus, 1990; LaBar and Cabeza, 2006; Reisberg et al., 1988). Further-
more, these emotional responses occur in conjunction with limbic activity 
(Frühholz et al., 2014; Lemche et al., 2007; Taylor et al., 2003), as has been 
classically viewed (Roxo et al., 2011). The recruitment of other limbic struc-
tures for emotional cues has a logical evolutionary basis, since an animal’s 
mnemonic selection should be based on fitness relevance (Nairne and Pandei-
rada, 2016). Some studies indicate that the degree of amygdala recruitment for 
example, correlates with the recallability of memories (Hamann et al., 1999; 
Mickley Steinmetz et al., 2010). If the brain would not use such a selective 
process, it would likely lead to an inefficient energy allocation by forming 
irrelevant engrams, which would add to the nutritional requirements of the 
animal. Such mental processes have high energy demands in the brain (Ampel 
et al., 2018). Based on this reasoning, it would be beneficial to an animal’s 
fitness to have ethological relevance directed consolidation of engrams. This 
is likely achieved by indicating value through emotional responses.  

The emotional modulation of learning is a probable major factor in the moti-
vational drive of behaviors (Berridge, 2004). Motivational drives are believed 
to be modulated by emotions that guide mnemonic selection and cognitive 
processes (Berridge, 2004). Skinner’s early experiments revealed that having 
consequences (reinforcers or punishers) to actions is necessary for learning 
(Skinner, 1963). Additionally, they indicate that novel behaviors can be pro-
duced in animals by introducing reinforcers or punishers. These emotional 
stimuli are likely giving rise to novel motivational drives, that in turn modify 
the animal’s behavior. Motivational drives likely function as generalized pre-
dictions of behavioral responses with the most beneficial outcomes. Most be-
havioral paradigms contain a motivational drive (Berridge, 2004), such as: ex-
ploratory drives in object recognition (Besheer and Bevins, 2000; Sheldon, 
1969) and aversion in passive avoidance and predator odor tasks (Blanchard 
et al., 2005; Deakin and Graeff, 1991; Lovibond et al., 2008; Mowrer, 1951). 
It is likely that emotions are creating a bias towards stimuli that are fitness 
relevant, with arousal indicating mnemonic value and valences driving behav-
ioral response (Figure 1). A stimulus quality or salience would then be nec-
essary to drive behavior for experimental paradigms. If the design does not 
contain any salient component through stimulation of emotions or motiva-
tional drives, then the experiment will be flawed. A substantial number of 
these drives are innate but also subject to modification, just like in skinner’s 
experiments (Skinner, 1963). During skinners conditioning tasks, these innate 
drives are modified in specific contexts as an adaptive response for beneficial 
outcomes. If they were not modifiable, the animals would consequently be 
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maladaptive and therefore less fit. The view of these processes through evo-
lutionary spectacles is becoming increasingly accepted, with good reasons  
(Damasio, 1995; LeDoux, 1995; Montag and Panksepp, 2017; Okon-Singer et 
al., 2015; Panksepp, 2011; Pessoa, 2013; Schwabe and Wolf, 2013).  

Another possibility is that consolidation occurs through selective attention 
(Todd et al., 2012). If an environmental cue increases arousal, it may cause a 
directed attention towards the salient stimulus, and in turn increase the proba-
bility of the engram to be stored in long-term repositories. Therefore, it would 
not be due to its emotional weight, but instead to the directed attention. These 
hypotheses are not necessarily mutually exclusive but evolutionarily and 
mechanistically speaking, the former seems more probable. As previously ar-
gued, it is reasonable to conclude that emotional selection of fitness beneficial 
engrams is a probable evolutionary hypothesis. Further, it is apparent that con-
solidation of engrams requires the hippocampus, since removal of these, leads 
to a negation of long-term memory production (Scoville and Milner, 1957). 
The hippocampal looped circuit seems therefore necessary for consolidation 
of cortical engrams.  The question is whether top-down control of sensory 
engrams through attentional networks can engage hippocampal consolidation, 
is difficult to answer. Further investigations are needed to elucidate those pro-
cesses. In any case, the studies mentioned above imply that valenced inputs 
are of high importance for engaging relevant neuronal networks to trigger a 
beneficial response. Arousal would imply value, which is indicated by sali-
ence, leading to engram consolidation for long/term deposits (Figure 1).  



15 

 
Figure 1. Spectrum of emotional states and the relationship between salience and 
valence. While salience indicates mnemonic value, valence predicts behavioral out-
come. All of this are subject to natural selection and would likely be dependent on 
the ethological condition of the animal.  

The bridge 
In the mnemonic-emotional axis, the hippocampus appears to be a bridge be-
tween the cortical engrams and the other limbic structures involved in emo-
tional responses. This was initially recognized as such, due to the anatomical 
position and connections with other limbic structures and sensory areas, as 
suggested by JW, Papez, 1937 and MacLean, 1949. Later studies reveal its 
recruitment with other structures during both cognitive and emotional pro-
cesses (Adhikari et al., 2010; Cholvin et al., 2016; França et al., 2014; Huff et 
al., 2016; Trimper et al., 2014). It is one of the most well described structures 
in the brain. Its pathology, anatomy, and circuitry all the way down to its gene 
expression have been studied extensively (Bird and Burgess, 2008; Strange et 
al., 2014a). A recent wave within hippocampal research has focused on dorso-
ventral polarity and division of functions. Morphological/anatomical, bioelec-
tric, genetic, and functional properties vary across the dorso-ventral axis 
(Cembrowski et al., 2016; Fanselow and Dong, 2010; Hunsaker and Kesner, 
2008; Kheirbek et al., 2013; Marcelin et al., 2012; Moser and Moser, 1998; 
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Strange et al., 2014). Further, it seems that visual and olfactory inputs are pro-
cessed by the dorsal and ventral hippocampus, respectively (Hunsaker et al., 
2008). Those biophysical properties are displaying a gradual change and not 
distinct domains. This gradual change increases the difficulty of investigations 
into its cognitive/emotional function, which perceptively seem more sharply 
defined than gradually variable. I would argue that reductionism of mind into 
distinct emotions and cognitive processes has led our interpretations into their 
expression as segregated faculties. This segregation is not always reflected in 
brain function. An example of this issue is the segregated perception of 
“place” and “context”, which may instead be different degrees in a spectrum. 
Place cells encode positions in a given environment and they are present 
mostly in the dorsal hippocampus (O’Keefe and Dostrovsky, 1971). Moreo-
ver, there are cells in the ventral hippocampus that have similar properties as 
place cells, the difference being that their place fields are much larger (Jung 
et al., 1994; Poucet et al., 1994). These fields show a gradual scale increase 
over the longitudal axis of the hippocampus (Kjelstrup et al., 2008; Maurer et 
al., 2005).  We could hypothesize that the dorsal cells are encoding place while 
the ventral encode context. But, what about the intermediate place cells? How 
do we correlate the gradual change in field size with the cognitive/behavioral 
expression?   

It is likely necessary to revisit definitions or at least modify our view from 
contrasting faculties to a more gradient model. Nevertheless, it is clear that 
different cognitive/emotional behavioral operations are taking place in longi-
tudinally distinct domains of the hippocampus (Kheirbek et al., 2013a), but it 
is elusive how these processes occur at the circuit level and how they conjure 
behavioral phenotypes.  

Research on the hippocampus has extended our understanding of several mne-
monic processes. It was central in one of the biggest steps in neuroscience, 
made by Donald O Hebb for Hebbian learning hypothesis and Terje Lomo and 
Timothy Bliss in long-term potentiation/depression (LTP/LTD; Lømo, 2003). 
If LTP/LTD are the operations allowing for learning to take place, then we 
have made a seminal step towards describing our mnemonic capabilities in the 
brain with the help of the hippocampal circuitry.  However, as previously men-
tioned, the hippocampus is more elaborate than once thought. Its dorso-ventral 
axis appears to be significantly more heterogenous in a multitude of aspects, 
from connectivity to gene expression (Dubovyk and Manahan-Vaughan, 
2019; Kheirbek et al., 2013b; Strange et al., 2014a; Tanaka et al., 2012). More-
over, the activity of distinct longitudinal positions coincide with different be-
havioral repertoires, from spatial mapping to generalized avoidance (Adhikari 
et al., 2010b; Bannerman et al., 2004; Goodrich-Hunsaker et al., 2008; Lee 
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and Kesner, 2003). Further analysis of the microcircuitry coupled with elabo-
rate behavioral assays are necessary to disentangle the probable mne-
monic/emotional underpinnings.  

These longitudal differences can also be observed in the electrophysiological 
interactions with other structures. For example, dHipp and the medial prefron-
tal cortex (mPFC) interact during retrieval of spatial memories, whereas the 
vHipp together with the basolateral amygdala (BLA) interact during anxiety 
related behaviors (Cholvin et al., 2016; Huff et al., 2016). Moreover, the 
mPFC and the vHipp synchronize during the expression of anxiety (Adhikari 
et al., 2010a). In reward training, nucleus accumbens (nAcc) and dhipp are 
engaged (LeGates et al., 2018). It is however not that simple, since, nAcc is 
also involved in  aversion and amygdala in reward (Murray, 2007; Yang and 
Liang, 2014).  Although, we can be relatively sure that different faculties of 
emotions and memory have distinct network dynamics, even if the circuit re-
cruitment might be intricate. We can also conclude that PFC, amygdala and 
nAcc are structures that are recruited during response to these salient stimuli. 
So how do these structures interact with each other? 

One possibility is that rhythmic synchronicity across structures could facilitate 
LTP/LTD through oscillatory phase-dependent spiking.  

Rhythms 
Ever since 1929 when Hans Berger published the first recorded brain waves, 
namely alpha waves in the visual cortex, we are bewildered. Even if, the cur-
rent romantic theorems of computational scientists are appetitive, we have yet 
to answer what the function of these rhythms are.  

Initial investigations into these brain rhythms revealed a paradox. In the case 
of motor and visual cortex, mu and alpha waves (9-15Hz) appear when we are 
not moving or seeing respectively (Berger, 1929; Gastaut and Bert, 1954; 
Pfurtscheller et al., 2006). So, to our astonishment when the behavioral func-
tion of these structures is not in progress, rhythms appear. It may be that the 
brain uses oscillations to maintain synaptic strength during silent periods. An-
other possibility is that these rhythms control communication pathways by 
shifting and synchronizing states of responsiveness to stimuli.  

Some neurons exhibit a subthreshold potential in an oscillatory manner, called 
subthreshold membrane potential oscillations (SMPO). SMPOs are hypothe-
sized to occur for synaptic plasticity upkeep, to maintaining synaptic sensitiv-
ity during an extended silent period (Lampl and Yarom, 1993). But, if those 
SMPOs are synchronized across neurons, they could appear as an oscillation 
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in local field potentials (LFP; Buzsaki, 2004). In that way, synchronous shift-
ing of subthreshold potentials may facilitate specific timing of synaptic com-
munication, through phase dependent spiking. When the subthreshold poten-
tials of neurons are in a hyperpolarized state (Down state), the neuron is re-
sistant to inputs, meaning, their excitatory postsynaptic potentials (EPSP) will 
not be raised enough to induce action potentials (AP: Figure 2).  AP can only 
occur during the peaks (Up state) and therefore the output is timed in a rhyth-
mic manner (Hopfield, 1995; Lampl and Yarom, 1993). This might be how 
the brain uses oscillations, to facilitate or inhibit distinct communication path-
ways between structures (Fries, 2005; Hasselmo et al., 2002a; Schoffelen, 
2005). If, for instance, BLA-hippocampus communication is to occur, single 
neurons need to be active at the same time for LTP, and for them to participate 
in an engram. So, if those structures have highly coherent oscillations, com-
munication is facilitated since the receiver is in a synchronous Up state when 
a signal arrives (Figure 2).  

 
Figure 2. An illustration of how the subthreshold potential with up and down states, 
of an example CA1 pyramidal cell, affects its response to input from two possible 
regions, nAcc and BLA.  When the CA1 pyramidal neuron is in a hyperpolarized 
state, the following EPSP is not enough to stimulate voltage-gated channels for an 
AP.  

It means that up and down states within event related field oscillations, may 
potentiate the structures with which the hippocampus will respond. By tem-
porally linking neuronal ensembles between structures in SMPOs, communi-
cation through LTP is possible via what is called spike timing dependent plas-
ticity (STDP). STDP is the process by which the pre and postsynaptic cells are 
firing at the same time and resulting in a strengthened synapse (Buchanan, 
2010). Further they seem to be gated by neuromodulators such as acetycholine 
(Seol et al., 2007; Sugisaki et al., 2011). It is highly likely that inputs deter-
mine or at least potentiate certain rhythmical states and/or control the time 
spent in such a state, in different structures (Holcman and Tsodyks, 2006). 
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This infers the mechanism by which the internal states bias what response the 
hippocampus will have to the current environmental stimuli. Let us assume 
for a moment, that these states are representations of our emotional faculties, 
it follows that, depending on our internal states, we can have different re-
sponses to the same stimulus.  

Regarding the mechanism, it could either be that the internal states control 
responses to the environment or that they are expressions of the external irri-
tations upon the brain. Another possibility is that both cases are true. 

Moreover, it is how other limbic structures such as BLA may control hippo-
campal engram consolidation and thereby potentiate an inherent bias towards 
fitness relevance. The BLA would then modulate the emotional bias of hippo-
campus through the control of hippocampal rhythms. If the BLA synchronizes 
the hippocampal rhythms with a sensory cue that has induced arousal, then the 
BLA increases a bias towards those engrams for consolidation.  

Hippocampal rhythms 
The formation of memories has been found to correlate with event-related os-
cillatory activity in the hippocampus (Buzsaki, 2004; Buzsáki and Moser, 
2013; Colgin et al., 2009; França et al., 2014). During first encounters of ob-
jects, slow rhythms are observed interacting with high frequency oscillations 
in the CA1 region (Figure 3 for map of hippocampal subfields; França et al., 
2014; Trimper et al., 2014). The prevalence of oscillations, specifically theta 
band (4-12Hz) activity in the hippocampus, has been extensively studied 
(Buzsáki, 2002). However, the functional relevance and the underlying mech-
anisms that drive this rhythmic activity are elusive (Buzsáki and Moser, 2013). 
Studies suggest that high frequency oscillations such as beta (15-30Hz) and 
gamma (30-140Hz) might be involved in the facilitation of encoding processes 
(França et al., 2014; Kitanishi et al., 2015; Trimper et al., 2014). Gamma os-
cillations couple to theta in a phase-dependent manner seems to correlate with 
improved memory performance (Trimper et al., 2014).  This interaction is sug-
gested to be cross-frequency coupling (Tort et al., 2010, 2008). Frequency 
coupling in the hippocampus can be used to distinguish between two input 
pathways (Colgin et al., 2009). The activation of the two pathways shows up 
during distinct phases of theta, the schaffercollaterals (SC; originating in CA3) 
during the rise and the temporoammonic pathway (TA; originating in entorhi-
nal cortex) during the peak. These pathways are distinguished by frequency 
and function, slow gamma from the SCs during retrieval and fast gamma from 
the TA pathway during encoding (Lopes-dos-Santos et al., 2018).  
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Giving a further level of complexity, some findings indicate the presence of 
two separate theta oscillation frequencies, one slow (theta II; 4-9Hz; Adhikari 
et al., 2010; Bland and Oddie, 2001; II) and one fast (Theta I; 7-12 Hz; (Bland, 
1986; Kramis et al., 1975a; Montoya et al., 1989; O’Keefe, 1993; Sainsbury 
et al., 1987a). These different oscillation frequencies are originating in distinct 
locations, theta I in dorsal and II in ventral hippocampus (Kramis et al., 
1975a). Additionally, they are differentiated by the sensitivity to atropine and 
behavioral function, I is atropine-resistance and movement related while II is 
atropine-sensitive and appears during exposure to predator odor (Bland, 1986; 
Kramis et al., 1975a). These distinct theta oscillations have also been found in 
the human hippocampus (Goyal et al., 2020). The possibility of comparatively 
translating these mechanisms to human functions increases the value of these 
investigations.  

Underlying circuit mechanisms 
A mechanistic possibility was presented by Hasselmo et al., 2002, who sug-
gested that retrieval and encoding is facilitated by different pathways in the 
hippocampus; CA3-CA1 Schaffer collaterals (SC) to retrieval processes and 
entorhinal cortex-CA1 Temporoammonic (TA) to encoding, called the sepa-
rate phases of encoding and retrieval (SPEAR) model (Figure 3). However, 
these pathways are not specifically activated in the different stages of 
memory; both SC and TA signaling have been observed to be active during 
retrieval and encoding (Manns et al., 2007), possibly due to association of 
novelty to familiarity. To encode novelty, it is likely that the brain considers 
preexisting engrams.  

The two pathways are differentiated at the level of circuit interaction, since 
induced LTP/LTD in either the SC or TA pathway does not affect the other 
(Aksoy-Aksel and Manahan-Vaughan, 2013). Further, they show distinct 
gamma oscillations (Colgin et al., 2009). Thus, they are functionally distinct 
and may have different roles in memory processing, yet they both modulate 
CA1 output by regulating pyramidal cell activity (Ang, 2005; Leão et al., 
2012a; Speed and Dobrunz, 2009). How are the pyramidal neurons processing 
different inputs and signaling to a relevant target? 

A possibility here is that the difference in frequency modulation of the pyram-
idal neurons could facilitate resonance with distinct target structures in the 
communication with CA1. In that case, the output would only affect targets in 
coherence with the CA1 pyramidal cells. So how are these oscillations gener-
ated?  
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It is believed that GABAergic interneurons are involved in modulating theta 
rhythmic activity and are crucial for creating the temporal plasticity of neu-
ronal assemblies (Buzsáki and Moser, 2013).  

 
Figure 3: An illustration of some hippocampal subfields, Cornu ammonis areas 
(CA), Dentate gyrus (DG) and entorhinal cortex (EC) and their connections. Notice 
specifically the temporoammonic (TA, purple) input from the EC III and the schaf-
fercollateral (SC, green) input from the CA3.   

OLMα2 cells  
With the use of genetic tools, we can target specific cells populations to in-
vestigate circuit dynamics during behavior. The Cre-lox system (described 
further in the methods section), is an efficient method to genetically manipu-
late distinct cell populations and with optogenetics modulate them during be-
havior (Nagel et al., 2003; Sauer and Henderson, 1988). With this method, our 
group targeted an inhibitory subpopulation of the Oriens lacunosum-molecu-
lare (OLM) interneuron to study its role in circuit function (chrna2, Leão et 
al., 2012; Mikulovic et al., 2015). The OLM cell somas are located in the stra-
tum oriens layer and their axonal terminals reach and modulate the distal den-
drites of pyramidal neurons in the lacunosum-moleculare layer, by facilitating 
SC inputs and inhibiting TA inputs (Figure 4). The OLM cell population is 
acting as a gate keeper and could be used as a tool to further investigate the 
previously described SPEARS model (Hasselmo et al., 2002; Hasselmo and 
Stern, 2014; Leão et al., 2012b). This system also responds to cholinergic sig-
naling, which is likely to be affected by nicotine since it acts on the same 
receptors (Dani and Bertrand, 2007; Douchamps et al., 2013). It is well docu-
mented that nicotine affects learning and anxiety (Arendash et al., 1995; Cos-
tall et al., 1989; Kutlu and Gould, 2015; Puma et al., 1999; Rezvani and Levin, 
2001; Tian et al., 2015). It is therefore relevant to investigate the effects nico-
tine may have on these cells and any accompanying hippocampal dependent 
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behavioral phenotypes. Further, we know that this subpopulation of OLM 
cells express the nicotinic receptor, since we target them based on the expres-
sion of the nicotinic receptor alpha2 subunit (OLMα2; Leão et al., 2012b).  

 
Figure 4: An illustration of the microcircuit involving OLMα2 cells in the CA1 of 
hippocampus. Notice the soma position of OLMα2 cells in Stratum oriens (SO) and 
pyramidal neurons (PN) in Stratum pyramidale (SP), the projections to distal den-
drites of PN in the Stratum radiatum (SR) and Starum lacunosum-moleculare 
(SLM). 

In conclusion, in this thesis we aim to elucidate the circuit dynamics driving 
hippocampal function with the use of a microcircuit involving an inhibitory 
interneuron subtype called the OLMα2 cell. Moreover, we investigate hippo-
campal function in mnemonic and emotional processing by observing the be-
havioral correlates.  
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Aims and questions 

Paper I 
Aim: To examine the role of OLMα2 cells in learning tasks and responsiveness 
to nicotine. 

Questions:  
1. Are OLMα2 cells involved in object learning and fear conditioning? 
2. Do OLMα2 cells respond to nicotine? 
3. Are there differences in the behavioral effect across the hippocampal 

longitudal axis? 

Paper II 
Aim: To investigate the role of ventral OLMα2 cells in response to predator 
odor and involvement in theta oscillations. 

Questions:  
1. How are OLMα2 cells distributed along the dorso-ventral axis? 
2. Are OLMα2 cells involved in the circuit generating theta oscillations? 
3. Are ventral OLMα2 cells involved in the response to predator odor? 

Paper III 
Aim: To further investigate the findings of paper I and II regarding mecha-
nisms driving distinct behavioral phenotypes in learning and response to prob-
able threats. 

Questions:  
1. Are the behavioral phenotypes observed in paper I and II due to the 

specific dorso-ventral targets of the OLMα2 cell populations? 
2. Do ventral OLMα2 cells cause an increase in arousal? 
3. Are theta II oscillations involved in object recognition? 
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4. Are there differences in the connectivity to other structures that could 
account for the phenotypes observed? 

Paper IV 
Aim: To further investigate findings in paper I on responsiveness to nicotine 
and the implications of nicotine use and learning. 

Questions:  
1. What is the effect of higher doses of nicotine on learning? 
2. Are OLMα2 cells involved in the behavioral effects observed with nic-

otine exposure? 
3. Does nicotine induce hippocampal theta oscillations? 
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Workplan 

To investigate these matters, we used a method of genetically targeting spe-
cific cell populations and sought to stimulate and inhibit those cells in a tem-
porally controlled manner during behavior. We also required techniques that 
allow us to observe the electrophysiological properties of cells and hippocam-
pal fields. Further, we needed to modify certain behavioral tasks, to target the 
right hypothesis and fit in with the in vivo probes, required for modulation of 
the cell population and electrophysiological recordings.  

To target and modulate the cell populations, we used the cre-lox system to-
gether with optogenetics in genetically modified animals, expressing Cre re-
combinase under the promotor of the chrna2 gene. We implanted optical fi-
bers in the target location to either stimulate or inhibit using light in a tempo-
rally specific manner, to modulate OLM cells during behavioral tasks.  

To classify the electrical properties of cells and circuit connectivity, we used 
in-vitro patch clamping together with optogenetics and pharmaceutics. Fur-
ther, to inspect field potentials, we used tungsten or silicon probes that were 
either acute or chronically implanted. Finally, to investigate the global con-
nectivity with the hippocampus, we traced projections by use of viral vectors 
containing fluorescent markers. 
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Methods 

Viral vectors and tracing 
In 1976 Stephen P. (Goff, 1976) and Paul Berg reported using a virus with 
hybrid DNA in cultured cells. This led to further development and more viral 
variants, used for the purpose of delivering target genes into cells (Hendrie 
and Russell, 2005). We used this method to deliver fluorescent markers to 
trace projections and to deliver light activated ion channels, for manipulation 
of neuron activity. This is an efficient method for gene transfection into tar-
geted regions and cells, but there are risks of stress responses of the cells which 
might change or disrupt cell functions. For instance, there is a possibility of 
accumulating marker proteins or the viral particles in the cell. Moreover, there 
is a risk of adaptive gene expression to the transfected gene which could 
change the behavior of the cells. 

The Cre-lox system 
This system was developed by Sauer et al., 1987 and tested in mammalian 
cells 1988. It is a genetic manipulation using a bacterial enzyme that can re-
combine DNA strands at specific locations called loxP sites. This enzyme can 
in turn be introduced to a cell using viral vectors, containing the protein with 
a promoter of the target gene, or by generating a mouse-line that expresses the 
enzyme under the promoter. In our experiments, we used a chrna2 promoter 
driven cre recombinase. Then we injected a virus containing an ion channel 
that is light reactive, under a stop codon. Once it infects a cre positive cell, 
which is only expressed in chrna expressing cells, the stop codon will be in-
cised, and the ion channel expressed. This method is highly specific and al-
lows us to target specific neuron populations, but there is a problem of devel-
opmental expression. Some target genes might only be expressed during de-
velopment and not in adulthood. This means that some expression might be in 
cells that no longer express the target gene. OLMα2 cells are classified based 
on their expression of the chrna2 gene, but they are also classified on their 
activity, morphology, hippocampal position, and distribution (Leão et al., 
2012b; Mikulovic et al., 2018, 2015). The expression of cre driven markers 
corresponds with all these aspects in the OLMα2 cells.  
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Optogenetics  
Nagel et al., 2003 reported finding a rhodopsin in the algae Chlamydomonas 
reinhardtii, that is permeable to cations and light reactive, which they named 
Channelrhodopsin 2 (ChR2). With the use of viral vectors and sometimes the 
Cre-lox system, ChR2 can be delivered to specific cells to induce depolariza-
tion upon light exposure. Later, other rhodopsin variants acting as proton 
pumps were found (Flytzanis et al., 2014). We used this method to modulate 
our cell populations in a temporal specific manner. But there are potential 
problems with this method. When brain tissue is exposed to light, a tempera-
ture increase is observed (Owen et al., 2019). This could lead to cell death or 
a disrupted cell function. To reduce the likelihood of this, we tested the time 
constrains by patching the cells and exposing the two light until cells death is 
observed. Then, we limited the exposure in accordance with that measure-
ment.  

Field recordings 
The use of electrodes to record field potentials, is a technique widely used and 
an old custom, with first recordings in 1875 (Huang, 2016). With the use of 
electrodes, either tungsten or silicon, placed intracranially, it is possible to 
record field potentials of a large group of neurons within that region. We used 
this method to investigate regional electrophysiological behavior of the hip-
pocampus. This is an effective method to check localized functional activity 
in the brain, but this method will only reveal the sum of activity and not reflect 
the neuron populations driving the activity. Further, because of volume trans-
mission, we need to use many electrodes in different positions to make sure 
we can find the source of the signal. The other potential problem is the photo-
voltaic effect. When a metal is exposed to light, there is an energy transfer that 
causes an excitation of electrons, which will show up as a signal in the record-
ing, at the same frequency as the light stimulation (Mikulovic et al., 2016). 
Therefore, we used light stimulation frequencies that were outside of the 
measured frequencies of interest.  

Behavioral tasks 
To investigate the behavioral outcomes of OLMα2 cell modulation we used 
well known behavioral tasks within the rodent research community. Novel 
object recognition, open field, passive avoidance, conditioned place prefer-
ence and Y-maze. To fit our particular in vivo setups and research questions 
we needed to make some modifications of these tasks.  
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Novel object recognition: this is a task compiled of two 10 min sessions, one 
training session and one test session. In the training session the animals are 
exposed to two objects, of which one is replaced during the test session. The 
time spent exploring each object is compared and the assumption is that a 
control animal will recognize one of the objects as familiar and one as novel. 
Therefore, explore the novel object more since they are curious animals (An-
tunes and Biala, 2012).  

Passive avoidance: This task is comprised of two chambers, one light and one 
dark, separated by a door. Once the animal is placed in the light chamber, after 
some time, the door is opened to the dark chamber and the animal immediately 
enters, since they are anxious of the dark. A few seconds after entering, they 
receive a mild shock. Later the animal is tested for fear memory by measuring 
time spent in light chamber. The assumption is that, if an animal remembers 
the shock and where it occurred, it will avoid the dark chamber (LeDoux et 
al., 2017).  

Open field: In this task, an animal is placed in an empty arena. The time spent 
in the center of the arena is measured. A control mouse will avoid the center 
as it tries to stay out of visual field of possible predators. We modified versions 
of this by placing aversive objects or odors such as cat fur or a snake like 
object. 

Conditioned place preference: This task is a measure of discerning the valence 
of a certain stimulus. It comprises of an arena with two sections or chambers, 
containing different contexts. One of these contexts may be associated with a 
stimulus. It has been used to investigate drug seeking behaviors (Davis, 2013). 
If an animal is given a drug such as cocaine or nicotine in one of the contexts 
it will seek out that context again (Mueller and Stewart, 2000; Vastola et al., 
2002). This will drive the animal to spend more time in the section with the 
conditioned context. Therefore, the time spent in each section is measured be-
fore and after conditioning and interpreted. Spending more time in one context 
implies appetitive value and less time aversive. In our modification, the con-
texts are odors, the stimulus is the modulation of OLMα2 cells, and the associ-
ation occurs independent of the arena. The arena lacks any other contextual 
differences other that the odors in the two chambers. 
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Results and conclusions 

Paper I: OLMα2 cells bidirectionally modulate learning. 
Based on the characterization of the hippocampal chrna2 cells (Leão et al., 
2012), we concluded that OLMα2 cells are a subgroup of OLM cells in the 
hippocampus, with the function of pathway gating. We hypothesized that their 
function could be important for learning. To investigate this, we used an opto-
genetic approach to stimulate/inhibit the cells during learning tasks.  

Main results and conclusions: 
Activation of intermediate OLMα2 cells during exploration of a novel object, 
resulted in failure to form a stable object memory.  When, we instead inhibited 
the cells, the animals performed better than controls. These findings supported 
our hypothesis about the specific function of the different pathways during 
learning. It also provides support for the proposed model by Hasselmo et al, 
2002. We found that the effect only occurs when we stimulate OLMα2 cells 
during first encounter exploration and not if we nonspecifically stimulate dur-
ing the task or during consolidation after the training. Next, we investigated 
whether activation both during training and test session would have an effect. 
Surprisingly, the memory seems to be recovered if we stimulate also during 
recall.  This suggests that a memory is formed but is not strong enough to be 
recalled. However, if recall is facilitated by OLMα2 stimulation, then it seems 
that memory reactivation is possible. The strong impact on recognition 
memory led us to further explore whether there could be an effect on fear 
learning, which is a memory with higher saliency and therefore more difficult 
to disrupt, we assume. We found that stimulation of OLMα2 cells also im-
paired fear learning, whereas inhibition had no observable effect. A surprising 
result was that inhibition of dorsal OLMα2 cells resulted in impaired learning, 
opposite of the intermediate OLMα2 cells. As part of a tentative explanation, 
we found that dorsal OLMα2 cells have a lower response to nicotine than in-
termediate/ventral OLMα2 cells.  



30 

Paper II: Ventral hippocampal OLM cells control type 2 
theta oscillations and response to predator odor. 
Here, we studied the role of OLMα2 cells on oscillatory patterns and anxiety 
related behaviors. The study was motivated by our suspicion that their ana-
tomical distribution was heterogeneous, with a prevalence of OLMα2 cells in 
the vHipp and that the OLMα2 cells harbored an innate theta oscillatory 
rhythm (Leão et al., 2012a). 

Main results and conclusions: 
We found that the number of OLMα2 cells increase from the dorso-rostral to 
the ventro-caudal regions. Since the vHipp is known to have anxiety related 
functions (Adhikari et al., 2010a), we asked whether modulation of these cells 
could affect anxious behavior. OLMα2 cell activity was found to modulate 
atropine dependent hippocampal theta II oscillations, further suggesting an in-
volvement in anxiety. Theta II oscillations starts at the vHipp and propagate 
towards the dHipp, and is known to be associated with anxiety related behav-
iors, specifically with predator odor (Adhikari et al., 2010a; Kramis et al., 
1975b; Sainsbury et al., 1987b). Stimulation of OLMα2 cells induced theta II 
oscillations, whereas inhibition reduced it. The dorso-ventral distribution and 
theta II induction, led to the investigation into their anxiety related function, 
in the predator odor task. We found that stimulating ventral OLMα2 cells re-
duced anxious behavior whereas inhibition increased anxious behavior in the 
predator odor task.  

Paper III: Differential roles of OLMα2 cells in 
hippocampal amygdala circuits for threat processing. 
The bidirectional effect of OLMα2 cells on anxiety and memory, of Study I 
and II are convincing observations of the important role OLMα2 cells play. 
This also raises several questions, regarding the behavioral phenotypes and 
their corresponding longitudinally defined circuit underpinnings. Could the 
longitudinal targets of our optical modulation have different functions or is it 
the same mnemonic/emotional processes being affected.  

Main results and conclusions: 
We found that OLMα2 cells modulation have different effects on the behavior, 
during first encounter with objects depending on the longitudinal populations. 
Intermediate cells affect the object approach while ventral OLMα2 cells cause 
a generalized response, namely avoidance of the arena center and the olfactory 
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cues. Moreover, we found no significant change in theta II during encounters 
with objects or in the arena center during control conditions in object recog-
nition. We observed that the BLA inputs to ventral hippocampus are polysyn-
aptically connected with pyramidal cells.  Instead, we find that they inhibit 
slow oscillations in CA1 in slice preparations, which indicates that the BLA 
may function as a rhythmic modulator. Moreover, we found that theta II only 
appears during first encounters with arena context. 

Paper IV: Hippocampal OLMα2 cells rescue nicotine 
induced memory impairment. 
Based on OLMα2 cells responsiveness to nicotine and their ability to modify 
object memory, observed in paper I, we next asked whether they are taking 
part in the networks behind the hippocampal dependent learning effect seen 
with nicotine use.  

Main results and conclusions: 
We found that high dose of nicotine impairs object recognition and that inhi-
bition of OLMα2 cells rescues that impairment, indicating that the effect of 
nicotine on hippocampal dependant learning may be mediated through OLMα2 
cells. Further, we found no effect on working memory in the Y-maze task. 
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Hypothesis 

The main hypothesis of this thesis is that hippocampal engram consolida-
tion/association is biased towards fitness relevance. The innate biases are de-
pendent on valence and saliency, following what many other have argued (Le-
Doux, 1995; Okon-Singer et al., 2015; Schwabe and Wolf, 2013; Susskind et 
al., 2008; Todd et al., 2012). Structures that respond to valence stimuli, such 
as the PFC, the amygdala and nAcc, take part in selecting engrams related to 
fitness biases (Cholvin et al., 2016; Huff et al., 2016; LeGates et al., 2018; 
Murray, 2007; Yang and Liang, 2014). The observed dorso-ventral differences 
in function may be a result of the deviated connections between other struc-
tures and the hippocampus. In rodents for example, the olfactory inputs project 
to the vHipp, while visual input project to the dHipp (Hunsaker et al., 2008). 
Moreover, in regards to spatial mapping, the dorsal place cells are active in 
specific positions in a given environment, while the ventral place cells have 
larger fields and encode what we would call a context (Jung et al., 1994; 
Poucet et al., 1994). I argue that selection of which ensembles are consolidated 
in a given environment is based on the brain emotional state and its response 
to the consequential events. For example, if a mouse procures food in a spe-
cific spot, that engages the PFC/nAcc/amygdala, which facilitate hippocampal 
consolidation of cortical ensembles active at that moment. Consequently, 
place and context of reward is consolidated. On the other hand, if the mouse 
is stressed, attention is diverted towards consolidating specific environmental 
cues given the emotional state. Based on that, it is plausible that the OLMα2 

cells inhibit novel environmental inputs to CA1, in accordance with the 
SPEARs model (Figure 3; Hasselmo et al., 2002). The consequential behav-
ioral effects are different across the dorso-ventral axis (I; II; III). Their activa-
tion results in the lack of novel environmental stimuli/inputs and therefore an 
impairment in avoidance of aversive cues in the vHipp and memory impair-
ment effect in the iHipp and dHipp (I; II; III). Their inhibition allows for more 
novel environmental inputs to enter the CA1 and thus an anxiogenic behavior 
is generated, along with improved object recognition. OLMα2 cells also induce 
Theta II, which is probably necessary for cross talk between the hippocampus 
and other structures, for purposes unknown to us, by increase of coherence 
and cross frequency coupling (Fries, 2005; Schoffelen, 2005; Tort et al., 2010, 
2008). This cross talk is disrupted in our experiments by “synthetically” initi-
ating it at temporally “irrelevant” moments.  Once they are inhibited, it is 
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likely that other rhythmical modulators “take control” and initiate necessary 
crosstalk between the hippocampus and target structures. Another explanation 
is that the pyramidal neurons’ “natural” state is receptive to inputs and the 
OLMα2 cells inhibit those inputs at theta II frequency, and therefore promoting 
crosstalk only between CA1 and other coherent structures. Further, it could be 
that due to OLMα2 inhibition, the pyramidal neurons become more promiscu-
ous in their response to inputs through the TA pathway, thus leading to an 
improvement on the investigated behavior. Moreover, there may be some im-
paired behaviors that we have yet to observe. Considering the evidence on the 
association between reduced anxiety and impaired social recognition, the lat-
ter is a plausible mechanism (Bielsky et al., 2003; Egashira et al., 2007).  

There is evidence that amygdala is inherently responsive to probable threat in 
humans (Fox et al., 2015). Further, amygdala is a highly conserved structure 
in the phylogenetic tree and can be found in lizards, rodents, cats and humans  
(Janak and Tye, 2015). It is highly likely that its evolutionary function is as 
conserved in all these species and it is plausible that the amygdala has similar 
functions in humans. It should be noted, though, that the amygdala is com-
posed of many substructures that play different roles, which is likely to vary 
and would need further investigations. In this thesis, we focused on the BLA. 

BLA projections to the vHipp and BNST induce anxiety-like responses, which 
is also indicated by our tracing results (III, Janak and Tye, 2015). Approach 
responses are potentially generated by these structures where BLA is selective 
for fitness relevance and with hippocampal subregions (dorsoventral) mediat-
ing differential cue approach, with place in dorsal (Moser et al., 2008), objects 
in intermediate (I;III) and context in ventral hippocampus (II; III; Poucet et 
al., 1994). What likely occurs, is that the stimulation of OLMα2 cells cause a 
reduction of inputs from EC III through the SLM layer, which is one of the 
targets of BLA in vHipp (III). Therefore, based on the SPEARs model, OLMα2 

stimulation has an impairing effect on processing of probable threats of a sen-
sory cue during first encounters, while inhibition of OLMα2 cells increases the 
promiscuity of pyramidal cells and the probability of perceiving the stimulus 
as threatening, therefore reducing approach (III). Although this response is 
commonly recognized as threat, based on our analysis, it is likely that inputs 
from limbic structures are necessary for engram coding. As previously men-
tioned, these inputs are likely indicating the fitness relevance and therefore the 
value of incoming sensory inputs. This is possibly why increased approach 
still leads to memory impairing effects in object recognition and a reduction 
in approach leads to memory improvement (I; III). In an object recognition 
experiment, the mice approach of an object increases during stimulation in the 
training session (Figure 3J in paper III), when we subsequently check their 
recognition memory, the mice exhibit an impaired response compared to con-
trols (Figure 2A in paper I) 
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In conclusion, OLMα2 cells play a major role in the processes of learning. They 
are probably facilitating retrieval of encoded engrams in the CA1 and process 
probable threats in the environments or at least the approachability of them. 
All this, presumably by inhibition and disinhibition of the inputs from the SC 
and TA pathways.  
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Future perspectives 

Ventral BLA-vHipp projections influence on OLMα2 

induced theta II 
Based on the slice recording in paper III (Figure 2), BLA inputs inhibit intrin-
sic oscillations in hippocampus. We believe that they could disrupt theta II 
induced by OLMα2 cells. To examine this, we plan to record vHipp LFPs while 
stimulating OLMα2 cells using chemogenetic tools (DREADDs) and stimulate 
BLA fibers in vHipp using optogenetics. In a pilot experiment, we observed 
that OLMα2 cells induce theta II at 4 Hz using chemogenetic stimulation and 
that stimulation of BLA inputs, in vHipp, inhibits this oscillation (Figure 5; 
n=1). Therefore, we will pursue these experiments further. 

 
Figure 5.  Spectrogram of signals recorded in vHipp where Y=frequency (Hz), 
X=time(s) and relative power represented by color coding, red being the highest. 
Signal induced by chemogenetic stimulation via OLMα2 cells can be observed at 4 
Hz, which is constant throughout the trail. The signal at around 14 Hz is the photo-
voltaic artifact induced by the light stimulation of the electrode, indicating the light 
ON signal and therefore BLA fiber stimulation. During the BLA fiber stimulation it 
is obvious that the 4Hz signal is inhibited.  

Ventral OLMα2 cell influence on conditioned odor 
through BLA-vHipp projections 
To investigate whether the influence of OLMα2 cells on aversion occurs by 
modulation of BLA inputs to vHipp, it requires a conditioning experiment, 
with stimulation of BLA projections in vHipp and a OLMα2 cell stimulation 
during cue. In this way, a conditioned response to a neutral odor should be 
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induced by stimulation of BLA input during odor cue. OLMα2 cell stimulation 
can then be done in one group to see whether the conditioning is disrupted by 
inhibition of temporoammic inputs via OLMα2 cells.  

Ventral OLMα2 cell stimulation effect on object 
recognition 
We have seen in Paper III (Figure 3) that inhibition of ventral OLMα2 cells 
does not affect object learning. There is a possibility that stimulation may 
cause a larger disruption on the circuit dynamics and potentially have more 
significant effect on behavior. Therefore, it would be reasonable to try stimu-
lation of ventral OLMα2 cells during the object recognition task. 

Pupil dilation as a physical indicator of anxiety  
We have investigated the behavior and circuit dynamics in the vHipp, which 
seems to indicate an effect on anxiety. To further elucidate whether this is an 
effect on emotional processing, it is of importance to investigate a physical 
marker. Pupil dilation is a good indicator for arousal and could help to con-
solidate that hypothesis (Joshi, 2021). Therefore, we plan to modulate OLMα2 

cells and record changes in pupil size to see whether this correlates with 
OLMα2 cell activity.  

When are OLMα2 cells active during behavior? 
Thus far, we have investigated the effect of OLMα2 manipulation on behavior. 
It is still unanswered when these cells are naturally recruited during behaviors. 
With the calcium imaging technique using head attached miniscopes, we can 
visualize the activity of OLMα2 cells during behavior (Aharoni and Hoogland, 
2019). Therefore, we plan to use miniscope to record calcium fluctuations dur-
ing object recognition to observe the timepoint of activity. The problem with 
this method is the temporal specificity. The task may need to be adapted for 
these conditions to ensure that time of object exploration is enough to draw 
conclusions upon the correlated activity. 
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Is nicotine inducing theta II oscillations and does it act 
through OLMα2 cells? 
In paper IV, we observed an oscillation at 4 hz induced by nicotine (Figure 
3). One question is whether these are theta II oscillations and if nicotine is 
working through OLMα2 cells. We know that OLMα2 cells express and are re-
active to nicotine (see paper I, Figure 5). Further, we know that OLMα2 cells 
can control theta II (paper II).  Therefore, it would be reasonable to hypothe-
size that nicotine acts via OLMα2 cells in the induction of these oscillations. In 
a pilot experiment, we observed that stimulation of OLMα2 cells using chemo-
genetics (DREADDs; Figure 6; n=1) induced theta II, and in the exact same 
frequency as the theta II oscillations induced by nicotine. This experiment 
needs to be repeated. Moreover, we plan to induce 4 hz oscillations by nicotine 
and inhibit OLMα2 cells to investigate whether nicotine is acting through 
OLMα2 cells to produce theta II. 

 
Figure 6. Power spectra of recorded LFPs in ventral hippocampus, pre (black) and 
during (red) chemo-genetic stimulation of OLMα2 cells. An oscillation is observed at 
4Hz post injection of Clozapine-N-oxide (CNO), which is the ligand of the synthetic 
receptor (DREADDs) expressed in OLMα2 cells.  
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