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ABSTRACT OF THE THESIS 

Exploring the Role of Septal Parvalbumin and Cholinergic Neurons in hippocampal theta oscillations and 

hippocampal-dependent memory 

by 

Morgan K. Wright 

Masters of Science in Biology 

University of California, San Diego, 2018 

Professor Stefan Leutgeb, Chair 

Professor Jill Leutgeb, Co-chair 

 

 

 

The medial septum (MS) projects to the hippocampus (HC) and is involved in generating 

hippocampal theta. Two distinct populations of neurons in the MS have been the main focus of study, 

GABAergic parvalbumin (PV) and cholinergic neurons. GABAergic MS neurons project to HC inhibitory 

interneurons while cholinergic neurons project directly to pyramidal and interneuron cell types in HC. We 

discovered that optogenetically controlling MS PV neurons directly controlled the frequency of HC theta 

and shifting MS PV impairs memory in a hippocampal-dependent memory task. On the contrary, 

cholinergic neurons had no effect on HC theta power or theta frequency, and did not lead to deficits in a 

spatial memory task at various MS stimulation frequencies.
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 Introduction 

Memory 

Memory is an information processing phenomenon that makes associations between space and 

time. The information or representations can be encoded in one moment, stored for the future, or retrieved 

in an instant at a future time. Memory can be broken down into several classifications. Memory can be 

divided into short term memory and long term memory. Short term or working memory is the ability for 

animals to retain information for seconds or minutes after taking in information (Givens & Olton, 1990). 

Long term memory can be retained for days to years (Bailey et al., 1996). Cohen breaks down memory into 

declarative and non-declarative (procedural) memory (Cohen and Squire, 1980). Declarative memory is the 

conscious memory that utilizes factual or previous experiences and utilizes external relational 

representations. Declarative memory can be further classified as semantic, our memories for facts about the 

world, or episodic, our memories of personal experiences. Non-declarative (procedural) memory is the 

unconscious activity of the brain that supports motor movements and task completion, which are personal 

representations that are supported by the striatum. There is also emotional memory, which is supported by 

the amygdala and is utilized for associating stimuli with reinforcers (Eichenbaum & Cohen, 2004). Endel 

Tulving suggests an alternative to the parallel systems of procedural and declarative memories by 

suggesting that episodic memories are embedded in and supported by semantic memories which are 

embedded in and supported by procedural memory systems (Tulving, E, 1987). 

  Neurons are connected to each other primarily though synapses, which are electrical or chemical 

signaling structures at contact points, generally between axons of one cell and the dendrites of another 

(Gerstner, 2011). These synapses can be strengthened or weakened based on the value of the animals 

experience and the utility of the connection. This ability to change connection, or the synaptic plasticity, is 

supported by a process known as Long Term Potentiation (LTP) and Long Term Depression (LTD). LTP 

and LTD plasticity can be broken down into three phases. The first stage, induction, is the initial triggering 

of LTP and LTD. The second stage, expression, is the biochemical changes that occur following the 
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induction that sustain synaptic potentiation or depression. The third stage, maintenance, requires continuing 

the plasticity across time and is dependent on protein synthesis (Pastalkova et al., 2006). 

Certain neurotransmitter systems are known to contribute to learning and memory. Acetylcholine 

(ACh) has been shown to have various important support roles in learning and memory. ACh binds to 

varying subtypes of ACh receptors (muscarinic and nicotinic) which are differentially expressed on 

varying neuron subtypes. For example, in the hippocampus, muscarinic (𝑀𝑛) receptors 𝑀1 and 𝑀3 are 

mainly expressed on principal neurons, while 𝑀2 and  𝑀4 are expressed on interneurons. Since each 

isoform may have varying effects on intracellular signaling cascades, ACh receptor heterogeneity leads to 

highly diverse signal possibilities (Cobb & Davies, 2005). The release of ACh in the hippocampus (HC) 

during pro-arousal states may be responsible for the induction of LTP, which is supported by the short term 

effect of promoting theta power, which is favorable for short term plasticity and tagging for establishing 

synapses (Zhang et al., 2011). ACh may also induce and maintain LTP by acting on muscarinic receptors 

which acts to promote long lasting potentiation by activating immediate-early genes and kinases (Zhang et 

al., 2011). 

Animals can then use memories to help guide decisions in the future. These neuronal associations 

allow for what is known as prospective or retrospective memory coding, which can allow us to “travel 

through time” or “re-experience” certain aspects such as spatial representations, respectively.  

Retrospective memory coding can help guide a choice dependent task, such as a figure 8 maze where an 

animal leaves from one goal arm and needs to remember where it came from. Prospective coding is the 

predictive firing that can be observed by hippocampal cells that is journey dependent, or dependent on the 

next choice that has to be made to reach a goal (Ferbinteanu & Shapiro, 2003). This firing activity 

correlating with differentiation between current position and past or future goals is known as context 

dependent hippocampal activity. It has been suggested that this helps the hippocampus process the animals 

spatial location and the purpose of the behavioral task at hand (Ainge et al., 2008). 

Medial Septal Anatomy 

The septal nucleus is a telencephalic, subcortical structure that belongs to the limbic system (Rutz 

et al., 2007). The septal nuclei are thought to be relay centers for sensory information between the 
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midbrain/brain stem and the forebrain limbic structures such as the HC (Khakpai et al., 2013). The medial 

septum (MS) is a heterogenous nuclei of cells that are either interneurons or projection neurons. 

Interneurons project locally upon other septal neurons while projection neurons project outside to other 

brain structures, such as to the HC. The MS consists of cholinergic and gamma-aminobutyric acid 

(GABA)-ergic neurons, which can both be interneurons or projection neurons. There is also a smaller 

population of glutamatergic neurons that project to HC regions estimated to constitute nearly 25% of MS 

neurons and between 4-23% of the septohippocampal projection. This suggests that the system which has 

been traditionally thought of as a two neurotransmitter system should be “reconsidered as a three 

neurotransmitter pathway” (Colom et al., 2005). The MS septohippocampal projecting neurons are 

modulated by neurotransmitters including but not limited to ACh, GABA, glutamate, histamine, serotonin, 

dopamine, noradrenalin, neuropeptides, and opioids (Khakpai et al., 2013), indicating that the septum is 

subject to a wide variety of input types.   

Systemic application of atropine, a reversible competitive muscarinic receptor antagonist, revealed 

two populations of rhythmically discharging MS neurons in anesthetized rats. One population of 

rhythmically bursting neurons were sensitive to atropine, while another population was not sensitive, or 

“atropine resistant” (Stewart and Fox, 1989). In vivo electrophysiological recordings reveal glutamatergic 

neurons show high heterogeneous sets of firing patterns including fast, cluster, burst, and slow firing. 

Populations of these neurons also showed rhythmic spontaneous firing at theta frequency suggesting a role 

in theta oscillations (Huh et al., 2010). GABAergic cells fire quickly or in bursting patterns in vitro (Morris 

et al., 1999) and fire in rhythmic bursts that are phase locked to hippocampal theta oscillations (Borhegyi et 

al., 2004). These two populations could be responsible for the two rhythmically bursting cell populations. 

Cholinergic neurons are shown to be all slow firing in relation to these other neurons, not exhibiting a 

rhythmic bursting activity (Simon et al., 2006) in most instances (see Lee et al., 2005). 

  In the MS, cholinergic cells appear as round multipolar or elongated bipolar cells, with a 

maximum density found in the midline and lateral parts of the MS, decreasing in quantity from anterior to 

posterior (Van der Zee and Luiten, 1999). In vitro, MS cholinergic cells are shown to have slow 

afterpolarization and broad action potential of 400-700ms while non-cholinergic neurons had much faster 
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afterhyperpolarization potentials of 3-60ms (Markram & Segal, 1990). In vivo, cholinergic cells discharge 

infrequently and do not have rhythmic properties (Simon et al., 2006). Some experiments show cholinergic 

neurons in the basal forebrains of unanesthetised rats fire in high frequency spike bursts and are associated 

with HC theta (Lee et al., 2005). Cholinergic neurons are silent during slow wave sleep and discharge 

maximally during alert waking state and during paradoxical sleep, known as rapid eye movement (REM) 

sleep, indicating that cholinergic neurons possibly have a role in synaptic plasticity during those states or in 

promoting a pro-arousal state (Lee et al., 2005; Zhang et al., 2011).  

Cholinergic neurons terminate on proximal dendritic regions of pyramidal and granule neurons 

and the cell bodies of interneurons. The GABAergic population selectively innervates GABAergic 

interneurons in the HC, forming basketlike contacts around inhibitory interneuron cell bodies and proximal 

dendrites in all layers of the HC but more preferentially on stratum oriens and radiatum of cornu ammonis 

(CA) region 3 and in the hilus and granule cell layer of the dentate gyrus (DG) (Freund & Antal, 1988). MS 

GABAergic projection neurons are suggested to not only project to the HC, but also to the medial 

entorhinal cortex (MEC), as optogenetically controlled GABAergic neurons control fast spiking and low 

threshold spiking interneurons in the MEC, but not excitatory neurons (Gonzalez-Sulser et al., 2014). These 

neurons are also interconnected in the septum. In vitro, experiments show septal cholinergic neurons cause 

septal GABAergic neurons to depolarize, suggesting that cholinergic neurons synchronize septal neuron 

firing patterns (Dannenberg et al., 2015). Septal PV-GABAergic neurons separate into two distinct 

populations, characterized by tightly coordinated firing at either the trough (178°) or the peak (330°) of HC 

theta waves. Morphological reconstruction using juxtacellular staining shows local interconnections, 

suggesting septal cells can synchronize their activity through these recurrent connections (Borhegyi et al., 

2004). 

Hippocampus 

The HC is a central focus on learning and memory. The HC is a limbic structure that processes 

information from cortical regions and modulatory subcortical regions such as the MS, hypothalamus, and 

the brain stem which provide information about the animal’s behavioral state (Khakpai et al., 2013). 
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Studies have shown that hippocampal damage leads to impaired learning in human patients such as Patient 

EP, Patient HM, and animals (Eichenbaum et al., 1999; Teng & Squire, 1999). 

The HC has projection and interneuron populations, in a highly ordered spatial layout. The HC has 

two distinct structures, the DG and the hippocampus proper, which is divided into 4 sections CA1-CA4 

(number designates subregion of cornu ammonis) and contains a double row of pyramidal cells in a laminar 

sheet. These cells are innervated from many extrahippocampal inputs and from internally contained HC 

inputs such as basket cell interneurons. This dorsal hippocampal region is thought to be critical for 

supporting spatial memory and updating current spatial position, as dorsal hippocampal lesions lead to 

spatial memory task impairment in Morris water maze, and variations of the Morris water maze, annular 

water maze and the Oasis maze in rats. These tasks are traditionally used to test functionality of the spatial 

map or loss of the ability to process and utilize the current position and remote spatial memories (Clark et 

al., 2005). 

 The HC uses spatially tuned cells known as place cells which fire preferentially in a specific 

point, called the place field, in an environment to navigate and establish mental representations of their 

position in space, first described by O’Keefe and Dostrovsky as responsive to orientation and 

environmental landmarks (O'Keefe & Dostrovsky, 1971). These cells are found in all subregions of the HC 

(O’Keefe & Nadel, 1978).  The HC place cells work in conjunction with certain medial entorhinal cortex 

cells, known as grid cells, which have firing fields that form regularly repeating triangles that collectively 

form a hexagon lattices representations across an environment. They both rely upon information flow 

upstream to constantly update their current position in their internally generated map. Considering the 

natural behavior of tunneling rodents, it is logical that a place or grid cell would have a preference for a 

context or direction of travel within a place field, and experimental evidence supports this notion. 

Therefore, a directional path can be represented by a sequential firing of place cells representing the place 

fields traversed. With direction and speed information integration, we can refer to pathways as “sequences 

of vectors” that relate self-movement and geographic pathways (Hasselmo et al., 2002). These spatially 

tuned systems are thought to support the spatial component of memories.  
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The HC has two prominent activity patterns, theta rhythmicity, a 6-9 Hz oscillatory pattern of 

coordinated cell activity, and sharp waves (SPWs), the synchronous discharge of pyramidal cells and 

interneurons. SPWs are emergent from the CA3 recurrent collateral system, and are associated with 150-

400 Hz field potential ripples of the pyramidal cell layer. Some hippocampal interneurons that are 

downstream of these SWR generators, specifically those that are calbindin-immunoreactive, project back to 

the MS (Dragoi et al., 1999; Toth & Freund, 1992). MS neurons show a lowered discharge probability 

during hippocampal ripple events (Dragoi et al., 1999). The negative peak of HC theta waves correlates 

with maximal discharge probability of CA1 pyramidal neurons (Dragoi et al., 1999). Using multisite 

silicone probe arrays, theta phase is shown to be consistent dorsal to CA1 including stratum oriens, while 

oscillations slightly shifted their phase below the CA1 layer, shown by reversal of sharp wave polarity. 

This allowed researchers to use the local field potentials (LFP) in stratum oriens in different septotemporal 

and transverse coordinates of the HC to determine that theta oscillations move in a wave across the 

septotemporal axis, representing a topographic map of temporal activation order (Lubenov and Siapas, 

2009). 

Injection of horse radish peroxidase (HRP) into the MS reveals retrograde transport to calbindin 

𝐷28𝑘  (CaBP) immunoreactive neurons in the HC oriens, suggesting CaBP positive neurons project back to 

the MS (Toth and Freund, 1992). Nearly all (94%), if not more, of all hippocamposeptal projecting neurons 

are non-pyramidal (Alonso and Kohler, 1982) calbindin positive GABAergic (Toth and Freund, 1992, Toth 

et al., 1993) neurons. PV positive GABAergic HC neurons do not participate in hippocamposeptal 

projections (Toth et al., 1993, Toth and Freund, 1992). There are also pyramidal cells in the HC that 

innervate the lateral septum (Toth et al., 1993), however the lateral septum projections to the medial septum 

is very sparse (Leranth et al.,, 1992) suggesting lateral septum has little influence over medial septum, 

implying medial septum feedback from HC depends on direct innervation from HC. 

 

Theta Oscillations in HC and the MS  

Two types of theta rhythmicity have been described in literature based on pharmacological 

sensitivity, behavioral correlations (Vanderwolf, 1975), and frequency. Type one (HCθ-1) which has peak 
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frequency between 6-10 Hz and is insensitive to atropine and occurs during locomotion but not during 

immobility or urethane anesthesia. Type two (HCθ -2) which has a lower peak frequency of 4-6 Hz and is 

sensitive to muscarinic receptor agonists such as atropine and occurs during locomotion, immobility and 

urethane anesthesia (Yoder and Pang 2005). Theta is not present at birth in most studied mammals, HCθ-1 

appears about two weeks postnatally while HCθ -2 develop 3 weeks postnatally (O’Keefe and Nadel, 

1978). A prominent method of recording and measuring hippocampal theta is through the recording of 

LFPs, which are fluctuations in voltage, and measured through electrodes in the brain tissue (Lee et al, 

2012).  

The MS GABAergic and cholinergic neurons project to the HC through the fimbria fornix, and 

when transected, results in a loss of hippocampal theta rhythmicity in rats. Specifically, fornix lesions 

affect CA1 theta and fimbria lesions affect dentate theta (M'Harzi and Monmaur, 1985). Cooling of the 

fimbria-fornix of urethane-anesthetized rats leads to a reversible loss of HC theta and further showed that 

neither atropine resistant nor sensitive neurons in the MSDB are dependent on hippocampal theta, 

indicating that the HC is not the pacemaker for the MS (Stewart and Fox,1989). 

Cholinergic neurons have also been shown to have nonspecific cholinergic release sites, 

suggesting a possibility of bulk transmission, so that cholinergic neurons are able to utilize synaptic and 

volume transmission communication methods (Vizi & Kiss, 1998) in a paracrine like manner (McQuiston, 

2014). In vivo amperometry of ACh levels in the HC shows a slowly ramping ACh tone maximally in the 

region just dorsal to the pyramidal cell layer, reaching maximal tone at around 25-60 sec after theta 

induction, suggesting that theta generation is not dependent on MS cholinergic activity, but are important 

for other aspects of theta (Zhang et al., 2010). MS slow firing neurons, presumably cholinergic neurons 

have a firing profile that matches the slowly increasing release of ACh, while fast firing neurons, 

presumably GABAergic neurons increase their firing rate almost immediately with theta induction. This 

suggests that MS GABAergic neurons are necessary and responsible for the induction/generation of theta, 

while the MS cholinergic neurons phasic release of ACh are not necessary for theta generation, without 

discounting the necessity for tonic ACh release in the HC. The slowly increasing ACh release may be to 

promote neural plasticity states during theta oscillations (Zhang et al., 2010).  ACh from MS afferents has 
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been experimentally shown to contribute to HC theta and increase modification of synapses (Hasselmo, 

2006)  

In the past, many studies relied on nonspecific lesions or gross pharmacologic manipulations of 

different receptors or cell types to disentangle the role of MS neurons on HC theta oscillations. These 

studies started with crude yet effective methods, which became more specific over time as technical 

innovations allowed. Electric lesions then gave way to specific cell type lesions to reversible nonspecific 

and reversible specific manipulations, which ultimately have given way to optogenetic control of specific 

neurons based on genetic identity.  

Bilateral electrolytic MS lesion leads to near elimination of HC theta while partial lesions do not 

(Winson, 1978). This was later confirmed with bilateral electrolytic lesions of the medial and lateral 

septum, which lead to abolishment of DG and CA1 theta rhythmicity, while lesions to lateral septum alone 

were only able to influence a diminished CA1 theta (Sainsbury and Bland, 1981). It was also noted that 

unilateral electrolytic lesions of the MS lead to ipsilateral effects on HC theta (Sainsbury and Bland, 1981).  

Lesions of selective neurons has been utilized in the past to discern GABAergic and cholinergic 

contributions to HC theta rhythmicity, learning, and how behavioral performance is affected when these 

cells are not functioning properly. Kainic acid (KA) has been used to preferentially lesion glutamic acid 

decarboxylase (GAD) and GABA neurons while sparing the cholinergic neurons. 192-IgG saporin (SAP), a 

ribosomal inactivating immunotoxin paired to a monoclonal antibody, has been used to selectively 

eliminate cholinergic MS neurons while sparing GABAergic neurons (Pang et al., 2001; Yoder and Pang, 

2005; Lee et al., 1994). When cholinergic neurons are selectively lesioned with SAP or GABAergic 

neurons are selectively lesioned with KA, we see an elimination of HCθ-2 during anesthesia, suggesting 

both cholinergic and GABAergic neurons are necessary for HCθ-2 (Yoder and Pang, 2005). Combining 

KA and SAP in a co-administration experiment led to lesions of both GABAergic and cholinergic neurons 

(Pang et al., 2001). HC theta present during locomotion (type 1) is eliminated by combined administration 

of SAP and KA, but not by the administration of KA or SAP individually (Yoder and Pang, 2005). 

Selective neurotoxic lesions of septal cholinergic neurons in rats led to a reduction of theta power, but not 
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frequency (Lee et al., 1994). This suggests the septal GABAergic projections are sufficient for generating 

theta rhythmicity. 

Cholinergic MS neurons can be controlled with a floxed light activated channel channelrhodopsin-

2 (ChR2) delivered using viral injections into mice with choline acetyltransferase (ChAT) dependent cre-

recombinase expression (Vandecasteele et al., 2014; Dannenberg et al., 2015). This allows for experiments 

that demand cell type specificity. When septal cholinergic neurons expressing ChR2 are stimulated, they 

followed the frequency of optogenetic stimulation between 0.5 Hz and 12 Hz, but spike adaption was 

present above 10 Hz, meaning the entrained neurons were less able to follow entrainment to the laser 

frequency as stimulation frequency increased (Vandecasteele et al., 2014). Stimulation of MS cholinergic 

neurons in anesthetized mice leads to induction of HC theta oscillations. The induced HC theta oscillations 

were independent of the MS cholinergic firing frequency, indicating septal cholinergic neurons are not 

directly responsible for pacing through septohippocampal projections (Vandecasteele et al., 2014; 

Dannenberg et al., 2015). Optogenetic activation of MS cholinergic neurons in anesthetized mice also leads 

to suppression of slow (0.5-4 Hz) and supratheta (10-25 Hz) oscillations in behaving animals, making theta 

more coherent and dominating (Vandecasteele et al., 2014). 

 

Medial septum and memory  

It is suggested that theta oscillations provide the mechanism for rapid state switching between 

encoding and retrieval of spatial information without interference (Hasselmo et al., 2002). The role of the 

MS as a rhythm generator in the HC in learning and memory tasks has been sought out utilizing techniques 

from nonspecific electrolytic lesions, pharmacological modulations, and optogenetics to determine specific 

neuronal population roles.  

Non-selective medial septal electrolytic lesions can lead to variances in exploratory trip 

organization, a deficit in formation or utilization of spatial mapping or reference memory of a place in with 

respect to surrounding cues in Morris water maze (Kelsey and Landry, 1988; Martin et al., 2007) and 

diminished performance in delayed nonmatch to sample (DNMS) task, and the Y maze, and the 8-arm 

radial maze (Kelsey and Vargas, 1993, Winson, 1978). Experimentation with rats on linear tracks that have 
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a spinning wheel in the delay zone along the track show that muscimol infusions into the MS leads to near 

complete abolition of theta rhythmicity and diminished spatial precision of spatial cells on the wheel, but 

not on the track arm. This suggests that the MS is important for supporting internally generated spatial 

information and that theta is necessary for firing field formation when there is no spatial cues to generate a 

firing field (Wang et al., 2015).  Furthermore, reduction of theta oscillations by using septal muscimol 

injections also led to a decrease or loss of MEC grid cell spatial periodicity, but retained their head 

direction specificity (Brandon et al., 2011). A disruption of the periodic spatial firing patterns (“gridness”) 

of grid cells, along with decreased theta amplitude and frequency, was also obtained with intraseptal 

lidocaine administration. However, place cells were less effected, and could form in the absence of theta 

rhythmicity and medial septal inputs (Koenig et al., 2011, Brandon et al., 2014). Taken together, these 

results suggest that neither theta nor MEC grid cells were necessary for place field formations when 

sensory cures are available (Brandon et al., 2014), as later confirmed by Wang (Wang et al., 2015). 

Ibotenic acid injections in the MS, but not other regions in the basal forebrain cholinergic system, 

lead to semi-selective destruction of cholinergic neuron lesions, which decreases the cholinergic input to 

HC leading to impairment in learning the water maze task (Hagan et al., 1988). Local septal injections of 

scopolamine, a muscarinic receptor antagonist, led to decreased choice accuracy in a spatial memory task 

(Givens and Olton, 1990). This is also consistent with another use of SAP in inducing MS cholinergic 

population decrease, leading to decrease in high affinity choline uptake in the terminal fields of the MS 

cholinergic neurons in the EC and HC, which was also associated with behavioral deficits in a radial arm 

maze DNMTS task with variable delays suggesting the septal cholinergic neurons and cholinergic release 

in the septum support spatial memory through action in the MS (Walsh et al., 1996).  

It has been suggested that theta oscillations provide the mechanism for rapid state switching 

between encoding and retrieval of spatial information without interference (Hasselmo et al., 2002).  Using 

optogenetics to selectively inhibit MS GABAergic neurons during REM sleep periods after a learning 

behavior, theta power was reduced and object recognition performance decreased. (Boyce et al, 2016). 
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Specific Aims 

While the structural organization of the septohippocampal loop and effects of lesions and 

pharmacological treatments of the MS has been studied, we do not yet have a clear understanding of the 

role of cholinergic neurons in HC theta oscillations and their role in supporting spatial memory. Evidence 

shows that impaired cholinergic transmission in the septohippocampal pathway may contribute to memory 

loss and dementia leading to Alzheimer’s Disease (AD). Cholinergic and glutamatergic cells in the MS are 

sensitive to age related processes involved in Alzheimer’s disease, whereas the GABAergic cells are age 

resistant (Nava-Mesa et al., 2014). After consideration of selective lesions and transections of the fimbria-

fornix, the major path of cholinergic afferents to HC, it is suggested that degeneration of medial septal 

neurons are possibly responsible for the impairments in short term memory that are signature of early 

stages of AD (Coyle et al., 1983). Understanding how MS cholinergic neurons interact with the HC theta 

rhythmicity may shed light on the cognitive decline associated with AD. 

My hypothesis is that controlling the firing frequency of MS cholinergic neurons using 

optogenetics will result in increased theta amplitude. This change in MS firing frequency may lead to 

deficits on an already learned spatial memory task due to spatial memory being dependence on normal 

theta rhythmicity. 
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Methods 

Subjects 

All animal experiments were approved, supervised and conducted in accordance with the 

Institutional Animal Care and Use Committee (IACUC) at the University of California, San Diego. All 

experiments were performed in accordance with the National Institute of Health Guidelines for the Care 

and Use of Laboratory animals. 

Six experimentally naïve mice (6 months old, male, 36.5-43g before viral injection) were used for 

behavioral studies. Mice were bred in-facility from the same homozygous choline acetyltransferase 

(ChAT)-cre male and female breeding pair (Pacific Hall). Before viral surgery, mice were raised in normal 

12 hour light/dark cycle (Lights on at 8am, off at 8pm) with rodent chow and water available ad libitum in 

18cm x 30cm x 12cm transparent plastic cages separated with up to four littermates.  After viral injection, 

mice were housed in individual cages in a 12-hr reverse light cycle room (lights on at 8 pm, off at 8 am). 

All procedures and experiments were conducted during the dark phase.  

 

Viral Injection 

Before surgery, mice were anesthetized with isoflurane (Fluriso, VET one) using Isoflurane 

Vaporizer (VetEquip, INC) (2.5% at 1L oxygen/min for induction) and induction box, and fixed into a 

steriotaxi frame (Kopf Instruments) with ear bars and a nose cone delivering vaporized isoflurane (between 

1.0 and 2.5% at 1L oxygen/min for anesthesia maintenance). Mice were kept on a 38°C  water circulating 

heating pad (T/Pump Professional Temperature Therapy Pump, Stryker) throughout surgery, and 

ophthalmic lubricant ointment (Apexa) was used to prevent corneal drying. After disinfection with non-

sterile antiseptic povidone-Iodine solution (Aplicare), the skull was exposed with a midline incision and the 

skull was leveled midway between bregma and lambda within +/-3 Degrees. A hole was drilled above the 

medial septum (according to Franklin and Paxinos, 2004; +1.0mm A/P, -0.7mm M/L from bregma) using a 

high speed drill and the dura was removed with a needle. Mouse was then rotated 10 degrees offset from 

the medial axis. An Adeno-associated virus (AAV) which expressed the modified chanelrhodopson 

(oCHEIF) congjugated to a modified Yellow Flourescent Protien (mCitrine) with a flip-excision (FLEx) 
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switch under control of the elongation factor-1α (EF1α) promoter (AAV-flex-oChIEF-citrine, generated by 

the laboratory of Dr. Byungkook Lim from plasmid 50973, AddGene) with a titer of approximately 

1.70E+13 genome copy/m was used for this study. The virus was injected using a Micro 4 microsyringe 

pump controller (World Precision Instruments) controlling an electrical microsyringe pump (World 

Precision Instruments) through a pulled glass pipette at 100nL/min at two sites (400nl at +1mm A/P, -

0.7mm ML, -4.8mm D/V, 400nl at +1mm A/P, -0.7mm ML, -4.2mm D/V) measured from the surface of 

the skull. After the first injection (-4.8mmDV) was completed the pipette was left in place for two minutes 

to prevent backflow of the virus, then raised to the second site (-4.2mmDV) for the second injection and 

then left to sit for 5 minutes before withdrawing the pipette slowly.  After injection, the scalp was sutured 

back together. Buprenorphine hydrochloride (Par Pharmaceutical Co.) was injected subcutaneously (0.01ml 

per 10g bodyweight) for analgesia, and placed into individual new sterile cages, on 38°C water circulating 

heating pad to recover. Mice were post operatively monitored and given full food for 5 days before food 

restriction and behavioral training began. One mouse was sacrificed to examine expression, using the 

histological preparation described below. 

 

Behavioral Apparatus and Experimental Rooms 

Two rooms were used for behavioral training, one environment for learning the maze and 

completion of stage one through three, and the second environment for post-operative retraining of the task 

with a cable and then recording. Both rooms were lit with a single dim light source, and the environment 

was kept stable. Behavioral task was on a delayed spatial alternation task using a figure 8 maze 50 cm 

above the ground with 75 cm return and stem arms and 25 cm choice arms, all with 5cm wide runway. 

Delay zones were on the first 25 cm of return arm, created with cardboard barriers. Small plastic cups were 

filled with task reward and placed underneath the maze under the food reward zone to avoid olfactory 

guidance. After each animal used the maze, the maze was wiped down with Clorox bleach towellets to 

prevent odor accumulation altering behavior. Neuralynx tracking software was used to track animal 

movement during electrophysiological recordings to quantify behavioral motion, placed ~330cm above the 

ground and positioned so that the figure 8 maze and sleeping zone were visible to tracking system. 
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Behavior Habituation 

After five days recovery from surgery, mice were weighed to establish baseline bodyweight and 

put on food restriction to gradually decrease weight to (~85) percent of the baseline bodyweight to increase 

motivation and increase task reward (Parlor Perfect chocolate sprinkles, Betty Crocker) value to achieve 

optimum task performance. Weight was logged every day at the beginning of each day before any behavior 

tasks to observe and maintain proper health.  Mice were handled for five to ten minutes every day during 

introduction to the figure 8 maze, where they were placed on the central stem arm of the maze and allowed 

to explore freely, with task reward spread around to encourage exploration for two to three days. After 

habituation, mice were returned to home cage along with an amount of animal chow that would maintain 

target weight and food reward was added to cage to familiarize mice to task reward. 

 

Behavior Stage One 

For the first stage of behavioral training each mouse was placed at the central stem arm facing 

reward arms, and was allowed a free choice of direction on the first trial. After the first reward arm was 

chosen, barriers were placed on opposite return arm to force mice return down stem arm and then a barrier 

preventing return to the last reward arm choice, forcing mouse to continuously alternate reward arms for 

each trial. When mouse entered reward arm, reward was placed on alternate reward zone. Mouse was 

prevented from retracing its route at any point. Mouse would run for 20 minutes or 40 trials, whichever 

came first. After behavioral training, mice were returned to home cage along with an amount of rat chow 

that would maintain target weight. Mice continued task until they ran the task consistently, which took 3-5 

days.  

 

Behavior Stage Two 

In the second stage, each mouse ran the task without the barriers so it was able to freely choose a 

reward arm. Food was placed in the opposite reward arm every time the mouse successfully chose the 

correct arm, and was only rewarded for alternating arms. The mouse ran the figure 8 for 30 minutes or 60 

trials, whichever came first. For each trial, the choice was scored as correct or incorrect. After behavioral 
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training, mice were returned to home cage along with an amount of animal chow that would maintain target 

weight. To move on to the next stage, the mouse needed to reach 80% accuracy on two out of three 

consecutive days to move on. 

 

Behavior Stage Three 

In the third stage delays were introduced in the stem arm, where the mouse would run 60 trials 

broken into six blocks of ten trials, two blocks with no delay, two blocks with 2 sec delay and two blocks 

with ten second delay. The first block would be no delay, then the second and third blocks would switch 

between two second and ten second delays depending on the day, and then the next three blocks would 

repeat the order of the first three blocks. The delay was controlled by a barrier in the middle of the stem 

arm that would be manually operated by the researcher. After behavioral training, mice were returned to 

home cage along with an amount of animal chow that would maintain target weight. Once the mouse 

reaches 80% accuracy on two of three consecutive days, the mouse was placed on full food for several days 

before surgery. 

 

Optic Fiber and Microdrive implantation 

Induction and leveling process was the same as for viral injections. A hole was drilled above the 

medial septum (+1.0mm A/P, -0.7mm M/L) using a high speed drill and the dura was removed with a 

needle. The mice were chronically implanted with a fiber optic targeting the medial septum (+1mm A/P, -

0.7mm ML, -3.7mm D/V) with a 10° M/L angle. Hand held dremel was used for craniotomy above the 

HC(- 2.0mm A/P, +2.0mm M/L), the dura was removed with a needle and an adjustable microdrive 

containing four tetrodes was chronically implanted directly above the HC. Figure 1C shows how the fiber 

optic and Microdrive are aligned. Sodium alginate and calcium chloride in a (2:1 ratio) sealed the exposed 

brain, and the microdrive was secured to five anchor screws with dental cement. Buprenorphine (.01mL per 

10g body weight) was administered subcutaneously for analgesia, and mice were placed into new sterile 

cages, placed on 38*C water circulating heating pad to recover. Mice were post operatively monitored and 
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given full food for 5 days before food restriction and behavioral training began. One mouse did not survive 

the recovery period, so the brain was removed to observe expression.  

 

Figure 1. Experimental Design (A). Six ChAT-cre mice were injected with a cre-dependent light opsin 

(AAV.EF1a.FLEX.oCHIEF.mCitrine. (B). After administering post-operative care, mice were food-

restricted and trained on a hippocampal delayed spatial alternation task. (C). Once mice were trained to 

asymptotic levels of performance, mice were implanted with an optic fiber over the MS and a microdrive 

with four moveable tetrodes over the HC. 

 

Electrophysiological Recordings  

Local field potential (LFP) signals were recorded using the chronically implanted four or eight-

tetrode (bundles of four 17 micron platinum-iridium (90/10%) wires) microdrives. Electrode tips were 

plated with platinum to reduce electrode impedances to between 150-250 kΩ at 1 kHz. Recording tetrodes 

were targeted to the CA1 pyramidal layer or to the dorsal MEC. A preamplifier, tether, and a 32-channel 

digital data acquisition system (Neuralynx, Inc.) was used. LFP was sampled at 32,000 Hz and filtered 

between 1 and 1,000 Hz.  

 

Postoperative Retraining 

Post operative retraining followed the same pattern as stage three, except with the cable mounted 

to the 18 pin connector, so that the mouse could learn to run the task with the extra weight and pull of the 

cable. Once the mouse reached 80% accuracy on two of three consecutive days, the mouse would move on 

to the recording phase. Tetrodes were lowered through the HC to the CA1 pyramidal cell layer during post-

op re-training so that animals were ready to be recorded from as soon as criterion for recording was 



17 

 

reached. All instances of turning throughout experiment were recorded to allow for localization of tetrode 

recording location. 

 

Laser Stimulation and Postoperative Testing 

For the laser stimulation, a software (Spectralynx, Neuralynx) controlled 473nm Diode Pumped 

Solid State Laser (DPSS) (OEM Laser Systems, INC) powered with a PSU-III LED laser power supply 

(OEM Laser Systems, INC.) was attached to a light fiber optic cable that ran parallel from the Neuralynx 

acquisition system to the animal and attached through the chronically implanted fiber optic cannula. The 

laser was adjusted to keep the intensity between 10.0 and 11.6 mW (measured with lasercheck, Coherent 

inc) before each days experiments.  

The mouse would be weighed and then connected to the head stage and fiber optic in the home 

cage placed in the corner of the room. The lights were dimmed and recording would begin. The mouse was 

recorded for 10 minutes and then would begin the behavioral task. The behavioral task was similar to stage 

three and retraining, except with laser stimulation every other block so that each animal would perform 

each block (no delay, two second delay, ten second delay) under both no stimulation and stimulation 

conditions. The order of delay and stimulation to be used (4hz, 8hz, 10hz, 12hz or 20hz on 50% duty cycle) 

was determined using a random number generator so that each of those days would have a different order 

of delays, and animals would perform each delay under each condition twice over the course of ten days. 

The mouse would run 10 trials for each block, and then the laser would be manually turned on or off 

between blocks. Figure 2 shows how laser stimulation blocks were broken up during behavior task. After 

behavioral session, animal was moved back to home cage and recorded for ten minutes.  

 After each experiment, animals were fed rat chow to maintain target weight. 
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Figure 2. Stimulation Protocol. Animals would be recorded in home cage in the corner of the room, 

complete behavioral task and then placed back in the home cage for a sleep recording session followed 

by a stimulation session followed by a sleep session.  

 

Histology 

Animals were heavily sedated to surgical levels using vaporized isoflurane and anesthesia box 

(2.5-3% at 1L O2/min) and once toe pinch reflex was unobservable,  .05mL pentobarbital (FATAL-PLUS, 

Vortech Pharmaceuticals LTD) was administered using an intraperitoneal injection for lethal overdose.  

Mice were then transcardialy perfused with peristatic pump (Peristar Pro, World Precision Instruments) 

through left ventricle with 5-10mL 0.1M phosphate-buffered saline (PBS)  and then 5-10 mL 4% 

paraformaldehyde (PFA) in PBS solution. The brain was removed from the skull cavity and placed in 4% 

PFA in PBS solution to fix proteins in a light protectant disposable 50mL black centrifuge tube in a 

refrigerator at 4°C for several days, and then moved to a 30% sucrose solution as a cryoprotectant until 

brain density exceeded sucrose solution. Brain was mounted on leveled frozen sucrose stage and brain was 

sliced into  40uM  coronal sections with microtomb (SM 2000 R, Leica biosystems) and transferred to with 

1 x PBS in 96 well tissue culture plate (Corning, INC) before transferring to microscope slides (Superfrost 

Plus, Fisher Scientific). Every other MS section was stored in 0.02% sodium azide in PBS solution and 

stored in cold room. MS slides were mounted using gelatin PBS mounting solution and coverslipped  with 
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microscope cover glass (Fisher Scientific) with Fluoroshield with 4',6-diamidino-2-phenylindole (DAPI( 

(Sigma Aldrich) and stored in refrigerator 4°C prior to visualization. HC slices were mounted to 

microscope slides using gelatin PBS mounting solution, and then were cresyl violet stained and cover 

slipped with microscope cover glass (Fisher Scientific) using permount.  

 

Microscopy 

MS sections were imaged on a single focal plane to illuminate mCitrine tag on oCHIEF and for 

DAPI. Hippocampal slices were imaged to verify tetrode placement. MS and HC slides were visualized 

using OlyVIA 

 

Data Analysis and Statistics 

All LFP analysis was performed in MATLAB. All behavioral statistics were done using IBM 

SPSS Statistics Version 23. 

 

  



20 

 

Results 

 

Figure 3. Viral expression in medial septum. Panel A shows mouse with no viral expression, panels B 

and C show mice with viral expression. 

The viral construct injected into the MS carried a cre-dependent flourescent marker to signal 

proper integration into cholinergic neurons. As seen in Fig. 3, mice had several levels of expression. In 3 of 

5 injected mice, we saw good expression of mCitrine, one of the mice had strong expression (Fig. 3C), but 

only 2 of the mice with medium expression (Fig. 3B) along with the two with no expression were used in 

the experiment.  

 

Figure 4. Tetrode Locations of cresyl violet stained 40 µm coronal section of right hemisphere. 
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Visualization of HC revealed normal morphology in 3 of 4 mice. Tetrode tracking revealed 

successful placement and recording of electrode tips in CA1 cell layer in same 3 of 4 mice, proper 

placement is shown in figure 4. One mouse had abnormal CA1 morphology (discontinuous cell layer) and 

lesion of cortical tissue dorsal to HC, making tetrode track identification difficult.  

 

Figure 5. Theta LFP PV v ChAT. Panel A shows HC LFP frequency and wavelength across time for PV 

animals and Panel B shows HC LFP frequency and wavelength across time for cholinergic animals. 

 

When comparing the LFP to compare hippocampal theta frequency during stimulation to theta 

with no stimulation of either MS PV or cholinergic neurons, theta frequency followed the stimulus 

frequency in PV animals (fig. 5A), while cholinergic stimulation had no noticeable frequency change(fig. 

5B). When considering HC theta amplitude of MS cholinergic stimulated neurons, the stimulation did not 

lead to appreciable changes. 
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For the PV stimulation, there was no significant difference in performance between no stimulation 

and stimulation conditions at any frequency for the 0-s delay (tChR2_8Hz(12)=1.389, P=0.19; 

tChR2_10Hz(16)=1.923, P=0.072; tChR2_12Hz(16)=0.901, P=0.381; tChR2_20Hz(16) =0.242, P=0.812), consistent with 

previous evidence that the HC is not necessary for performance of the task without delay. We found that 

stimulating at 10, 12, and 20 Hz significantly impaired memory performance on 2s (tChR2_10Hz(16) =3.031, 

P=0.008; tChR2_12Hz(16)=4.183, P=0.001; tChR2_20Hz(16)=3.933, P=0.001) and 10s delay trials (tChR2_10Hz(16) 

=3.901, P=0.001; tChR2_12Hz(16)=5.498, P<0.001; tChR2_20Hz(16)=4.614, P<0.001) in PV animals. Stimulating 

at 8 Hz did not result in a memory impairment across either 2s (tChR2_8Hz(12)=1.486, P=0.163) or 10s delay 

(tChR2_8Hz(12)=-0.533, P=0.604) (fig. 6).  

 

 

 

 

 

 

 

 

 

 

Figure 6. Behavioral performance. Shifting theta oscillation frequency by stimulating PV cells in MS 

outside of theta range impairs memory while ChAT stimulation did not result in behavioral impairment.  
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Table 1. Effect of stimulating MS ChAT neurons. Results for each frequency tested for each testing 

condition, from the two animals with the best expression. 

Stim. Freq. Delay Mouse 1 no stim/stim Mouse 2 no stim/stim 

4 Hz No Delay 90/85 90/85 

4 Hz 2 seconds   75/75 90/75 

4 Hz 10 seconds 75/75 65/80 

8 Hz No delay 90/70 95/95 

8 Hz 2 seconds 65/65 70/80 

8 Hz 10 seconds 75/55 75/75 

10 Hz No delay 98/85 90/100 

10 Hz 2 seconds 95/85 80/75 

10 Hz 10 seconds 65/80 80/95 

12 Hz No delay 90/70 90/80 

12 Hz 2 seconds 85/70 90/90 

12 Hz 10 seconds 75/80 80/75 

20 Hz No delay 95/85 95/75 

20 Hz 2 seconds 95/90 83.3/90 

20 Hz 10 seconds 90/70 95/75 

  

Due to the small sample size of the ChAT group (n=2), many statistical tests could not be 

performed, making conclusions about this data difficult (Table 1), but clear trend for behavioral 

impairments were not observed in either mouse. 

We next controlled for any behavioral perturbation that could have been caused by the light 

stimulation. First, PV animals injected with ChR2 were tested while stimulation with green light (532 nm) 

was delivered. This wavelength is known to only weakly activates ChR2. Next, PV animals injected with a 

cre-dependent green fluorescent protein (GFP) vector (AAV.EF1a.DIO.eGFP) received blue light 

stimulation (473 nm). For either of the groups, there were no significant differences in performance 

between no stimulation and stimulation for 0s, 2s, and 10s delay (ChR2-green: p>0.05). There was no 

significant interaction of stimulation and delay for ChR2 animals stimulated with green light (F(6,48)=1.72, 

P=0.14). Similarly, there was no interaction of stimulation and delay observed in GFP animals that received 

blue stimulation (GFP-blue: F(8,40)=0.37, P=0.93)(fig. 6) 
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Discussion 

 Due to the Cre-dependent nature of the flourescent protein expression, the presence of 

fluorescence in the MS sections suggests that the virus was successfully able to infect cholinergic neurons 

in the medial septum of ChAT-Cre mice. The mice in the experiment had either medium expression or no 

expression, allowing for distinction between an experimental and control group. Unfortunately, the mouse 

with the best viral expression was not used in the ChAT experiment.   

 Histological analysis and tetrode tracking in HC revealed normal HC morphology, and proper 

placement of tetrodes in three of the four ChAT animals used. One animal with abnormal morphology and 

missing cortex made it difficult to assign HC placement. Placement of tetrodes in proper location is 

supported by presence of theta and presence of SWR that deflected downwards then upwards as tetrode tip 

passed CA1. In future experiments I would have more implanted subjects to prevent the question of cortical 

tissue morphology interfering with experiment.  

 When comparing the HC theta LFP of PV animals to ChAT animals, stimulating the PV neurons 

in the MS have a very clear pacing effect on HC theta while stimulating the cholinergic neurons in the MS 

had essentially no effect on HC theta. This was to be expected considering previous work in the field  (Lee 

et al., 1994; Vandecasteele et al., 2014; Dannenberg et al., 2015). There was no obvious indication that 

stimulation of PV or cholinergic MS neurons had any effect on HC theta amplitude during stimulation.  

  In the PV animals, stimulation above 10 Hz during the two or ten second delay led to memory 

impairments, whereas stimulation with 8hz did not affect performance. This shows that when MS PV cells 

are firing at frequencies within the endogenous theta frequency, they do not disrupt performance or 

memory function, but when they are firing at frequencies outside of endogenous theta, they negatively 

impact performance. Due to the low number of ChAT animals that were used in the experiment, statistical 

analysis was not possible, making interpretation of the data difficult. 

The PV animals were then stimulated with the blue laser at pre designated regions of the maze, 

determine if the manipulation was more significant during different parts of the maze, as the animal will be 

going through encoding during the return arm and then retrieval during the stem arm. Our results suggests 
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that endogenously paced theta oscillations have a preferential role in encoding the information that the 

mouse is currently experiencing on either the right or the left arm. 

 Some animals were injected with a cre dependent GFP vector, and were stimulated with blue laser 

light. These animals showed no effect on pacing or performance. Some animals were injected with the cre 

dependent Chr2 vector, but were stimulated with a green laser instead of the blue. These animals showed 

no affect on pacing or performance. These results demonstrate that behavioral impairments seen in 

experimental animals were due to disruption of the timing of endogenously paced theta oscillations and not 

due to behavioral perturbation by light stimulation. 
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