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Abstract

Episodic memory plays a critical role in everyday life activities. Spatial memory, which can

be a type of episodic memory is essential for navigating through an environment. Alcohol

is one of the most common household beverages. Moreover, alcohol as a substance of abuse

is a very active area of research. However, the effects of alcohol on the spatial memory have

not been investigated adequately and hence the underlying effects are poorly understood.

The aim of the present study was to investigate the effects of acute alcohol intoxication on

the CA1 region in the hippocampus at the cellular and the network level with the help of

in vivo electrophysiology in awake, freely behaving parvalbumin-cre mice. Further, it is

known that the medial septum plays a critical role in pacing the hippocampal local field

potential (LFP) theta. Therefore, this study also aimed to find if the rhythmic activation of

the parvalbumin containing cells in the medial septum, via optogenetic stimulation could

restore the function of the hippocampus under the influence of alcohol. It was found in the

present study that acute alcohol intoxication at a dosage of 1.5 g/kg, administered intraperi-

toneally led to a reduction in the mean firing rates of non-spatial cells immediately after

the injection. Interestingly, no significant change was seen in the mean firing rate and the

information score of the place cells following acute alcohol intoxication and the location of

the place fields also remained stable. No significant change was seen in the mean firing rate

of interneurons as well. At the network level, a significant drop in the LFP theta frequency

and power was seen immediately after injecting alcohol. The suppression in the LFP theta

frequency persisted throughout the recording session in the alcohol injected mice. Further,

the optogenetic stimulation of the parvalbumin containing cells in the medial septum in

the alcohol session did not reliably pace the hippocampal LFP theta since the LFP theta

frequency dropped even while the stimulation was being done. Therefore, results from the

present study provide evidence that acute alcohol intoxication causes changes in both cel-

lular and network level in the CA1 region of the hippocampus of mice. Hence, a more

xi



detailed research project with a goal to find the underlying mechanisms involved in causing

the deficits in the spatial memory due to alcohol intoxication should be undertaken.
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Chapter 1

Introduction

1.1 Scientific Bckground

Memory is a critical requirement for survival. From tiny unicellular organisms like E.coli

and amoebae to complex multicellular organisms like rodents, dogs and humans, all living

organisms employ different mechanisms to form memories which enable them to success-

fully interact with their environment (1–4). The process of forming a memory involves

encoding, storing, retaining and subsequently recalling information and past experiences.

Memory is primarily classified into declarative and non-declarative memory (5) (Figure

1.1). As the name suggests, declarative memory can be declared or expressed and hence is

also called explicit memory. Non-declarative memory, on the other hand cannot be explic-

itly expressed and correspondingly is called implicit memory. Procedural memory, which

stores information on how to do things is a type of non-declarative memory. Within declar-

ative memory, there are two subclasses: semantic memory and episodic memory. Seman-

tic memory processes ideas and concepts that are not drawn from personal experience.

Episodic memory, on the other hand, is the unique memory of a specific event experienced

by the subject. For instance, consider riding a bike. The mechanics of driving a bike is

an example of procedural memory. However, the question about when did one first ride a

bike or who invented the bike are examples of episodic and semantic memory respectively.

‘Mental time travel or the ability to mentally reconstruct personal events from the past is

possible because of episodic memory which also helps in anticipating future events based

upon these experiences (5, 6).

Episodic memory is linked to the ability to state the important details of an event and the
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Figure 1.1: Classification of memory.

context in which it took place. However, for all animals except humans, the ability to

declare is almost impossible to test. Correspondingly, it is hard to test if non-human ani-

mals have episodic memory. Moreover, many researchers question the ability of animals to

‘mentally time travel’ and relive an experience (7). To circumvent this problem, episodic

memory tests are broken down into its fundamental components that the animal can answer,

by focusing on the behavioural output. These components are what event took place, when

did it happen and where did it take place (8). The researchers then design experiments that

test these what-where-when components, which is also called episodic-like memory (9). In

this context, random foraging tasks represent the simplest form of an episodic memory test.

The food-deprived subjects move about in a box/maze (where), looking for food (what),

when they are placed there, on the basis of previous experiences (when) (10, 11). In such

a task they have to learn to move about in the box/maze for food. These episodic-like tests

could be more complex if more conditions are added, such as an odour task, where the

animal receives the reward by entering the compartment in a maze (where) which has a

particular odour (what) depending upon learned expectations (when) (12).

The most important structure for episodic and episodic-like memory is the medial tem-

poral lobe. The study on this structure came to the limelight because of a patient named

2



Henry Molaison (H.M.). H.M. underwent bilateral medial temporal lobe resection as a

cure for epilepsy. Interestingly, after the operation, he could no longer form new episodic

memories (13, 14). Medial temporal lobe consists of the hippocampal formation (HF) and

the adjacent perirhinal, entorhinal and parahippocampal/postrhinal (in humans and rodents

respectively) cortices also called extra hippocampal cortices (EHC) (15) (Figure 1.2). Bi-

directional projections exist between the HF and the associated cortices which play a critical

role for encoding, consolidation and retrieval of episodic memories (16, 17). The HF con-

sists of the dentate gyrus, hippocampus proper and the subiculum complex (prosubiculum,

presubiculum, postsubiculum and parasubiculum; (18)). The hippocampus proper consists

of three Cornu Ammonis (CA) subfields namely CA1, CA2 and CA3. The entorhinal cor-

tices (EC; with medial: MEC and lateral: LEC subdivisions) receive projections from the

parahippocampal/postrhinal and perirhinal cortices which themselves receive inputs from

neocortical areas responsible for processing sensory information (19, 20). This informa-

tion is then relayed onto the hippocampus (21, 22). It should be noted that reciprocal

projections from the hippocampus to the EC also exist (16, 17). Thus, there is extensive

inter-connectivity between the HF and EHC which is important for its functioning. Sim-

ilarly, the neocortex-hippocampus-neocortex circuit is also believed to play a crucial role

in memory. Information flow in this circuit is strongly influenced by the relatively sparse

projections from the subcortical structures, such as the septum (23).

The ‘where’ component of the episodic-like memory pertains to the question of the location

of the event. This kind of memory is referred to as spatial memory. It is responsible for

the recording of one's environment and spatial orientation. Spatial memory enables one to

remember where a structure is in context to some other structure and thus helps in navi-

gating through a place. Spatial navigation is thus tightly linked to the concept of spatial

memory. Spatial navigation relies on the use of specific landmarks (spatial cues) as well as

contextual information of the space (such as objects, shape, texture, odours, etc.) (24, 25).

As a subset of episodic memory, the spatial memory is dependent upon the HF and EHC

(17). Due to rapid progress in the field of the in vivo electrophysiological recordings in be-

having rodents, the current understanding of how different cell types in this system interact

to form spatial memories has increased exponentially. In this type of recordings, electrodes

are used to measure the extracellular electrical activity which is also known as the local field

3



Figure 1.2: Hippocampus and medial septum in the human brain (A) and mouse brain (B) respectively.

For B, the left figure shows the mouse brain coronally caudally (back) to rostrally (front) while the right figure

shows the brain sagittally. A. Image source: MIT OCW, Clinical Psychology by David Lewis.; B. Images

created using Allen Brain Atlas Application.

potential (LFP) of a brain region while the animal is freely moving in the environment (26)

(Figure 1.3 A, B). This allows for a link between the electrophysiological activity at the

neuronal level with the ongoing behaviour. Tetrodes which are essentially 4 electrodes in-

tertwined together are used for these recordings to record the electrical activity from a very

small cross-section. They serve the purpose of attributing the detected spikes to individual

neurons, based on the relative amplitude of the spike signal received by the four-electrode

wires (Figure 1.3 C, D). This enables the researchers to investigate the firing activity of the

individual neurons while the animal performs a behavioural task (Figure 1.3 E). Upon using

these tetrode recordings in the HF-EHC region, a diverse variety of cell types associated

with distinct spatial memory representations have been characterized. Place cells which

are pyramidal neurons present in the CA region of the hippocampus were the first spatially

selective cells to be discovered (27) (Figure 1.3 F). These cells fire whenever the animal is

in a particular location in the environment. The resulting spatially receptive field is called

the place field. Subsequently, it was found that MEC also contains a variety of spatially

selective cells such as grid cells (28), head-direction cells (29) and border cells (30) (Fig-

ure 1.3 F). Grid cells have multiple firing fields separated by an even spacing, forming a
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grid-like map which is characterized by the periodic presence of equilateral triangle units

(28). Head direction cells fire whenever the animal is looking in a particular direction and

was first discovered in the dorsal pre-subiculum (31). These kinds of cells are also found

in retrosplenial cortex (32), and subcortical regions like the thalamus (33). Finally border

cells fire near the boundaries of the recording area (30). These cells are also present in the

hippocampus, a subset of the place cells firing at the borders (34), and in the subiculum as

well (35).

Interestingly, changes in the context or in the spatial cues of the environment can cause

changes in the firing of spatially-selective cells. For instance, there may be changes in the

firing properties of place cells in response to the experience of a new environment or the

same environment in a new context (36). More specifically, the place cells may change

their firing fields (that is, location) and/or their firing rates. The former is known as global

remapping and the latter rate remapping (37).

The extracellular activity which is also called the Local Field Potential (LFP) sheds insight

on the cooperative behaviour of the neurons (26). Theta rhythm (6-12 Hz) in the LFP is

of particular interest with regards to memory. It is observed that place cells fire at progres-

sively earlier phases of the theta rhythm. This phenomenon is called theta phase precession

(38, 39). Theta phase precession is thought to play an important role in episodic memory in

terms of phase coding, enabling synaptic plasticity and/or sequence retrieval and prediction

(40). The theta rhythm is thought to originate from the medial septum (MS) (41). The MS

is predominantly composed of cholinergic, GABAergic and glutamatergic neurons (42).

GABA or gamma-Aminobutyric acid, is the chief inhibitory neurotransmitter in the central

nervous system (CNS) (43). The GABA containing afferents from the septum control the

inhibitory interneurons in the hippocampus which in turn play an important role in coor-

dinating the behaviour of a large number of pyramidal neurons in the hippocampus (23).

Thus, GABA containing neurons in the medial septum are thought to be the key players

in pacing the hippocampal LFP theta and consequently, the MS is also sometimes called

the ‘pacemaker (44). A subset of the GABAergic neurons in the MS contain parvalbumin

(PV), a calcium-binding protein (45). These PV containing GABAergic neurons have been

proposed to be the key players in the pacemaker circuit in the MS (44). Therefore by exten-

sion, the MS is believed to regulate the hippocampal spatial representation since the LFP

theta is critical for episodic memory (46). In fact, a recent study shows that the place cell
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Figure 1.3: In vivo electrophysiological recordings. A. Multiple movable tetrodes (black lines) constructed

of four intertwined electrodes each of which are placed inside a microdrive (grey cylinder) and implanted

into the cortex. For CA1 recording, they are gradually lowered until a characteristic CA1 signal is seen.

B. A characteristic example of raw recording traces (1s) obtained on each of the four wires. Each of these

wires transmits the extracellular electric potential surrounding it, and the recorded signal is characterized by

pronounced oscillatory activity at 6-12 Hz (theta oscillations) along with sudden bursts of synchronous fast

field oscillations (140-200 Hz) called sharp-wave ripples. The action potentials are also picked up by these

tetrodes. C. & D. Schematic demonstrating the concept of assigning spikes to individual single units. C. The

placement of tetrodes in the layer of interest. Each of the 4 wires of a tetrode (I-IV) are in close vicinity of the

2 neurons (1-2) and thus collect the extracellular action potential signals. D. The extracellular action potential

of the two neurons as experienced by each of the 4 wires of the tetrodes. The amplitude of the action potential

changes according to the distance of the neurons from the wire (the greater the distance, the smaller the

amplitude recorded). Thus, spikes can be sorted into separate clusters or single units, based on the amplitude

of extracellular spike waveform experienced by the various wires of a tetrode. E. In random foraging tasks,

animals are allowed to freely explore an open field environment (grey box) while action potentials (red spots)

and position is simultaneously (black dashed line) recorded. F. The environment is divided into pixels and the

average firing rate of each cell is color coded. The firing rate maps of a place cell from CA1, grid cell, border

cell and head direction cell from MEC are shown.
6



firing alone cannot achieve spatial navigation without intact septal circuits (47).

Due to rapid advances in optogenetics, that is, the use of optics and genetics simultaneously,

it is now possible to selectively activate subsets of neuronal populations and control them

temporally via the use of lasers. In this technique, neurons are first genetically engineered

to express light-sensitive proteins (opsins). Upon illuminating these neurons with the light

of the matching frequency, the signalling pathways are correspondingly modulated depend-

ing upon the nature of opsin (48). For instance, Channelrhodopsin2 (ChR2) are light-gated

cation channels which when illuminated with blue light, causes opening of channels, allow-

ing passage of cations and leading to subsequent depolarizations (49). This pertains to the

use of light to activate certain neuronal populations. However, to ensure only certain neu-

ronal populations are targeted, transgenic mouse models having Cre-lox systems are used.

For instance, for targeting the PV neurons, PV-cre transgenic mice are used (50). The suc-

cess of the cre-lox system is attributed to the loxP sequences that are created de novo and

the presence of cre-recombinase enzyme both of which are not present naturally in mammal

systems. Typically a virus is used to infect the neuronal population of interest. The virus

enters the cells (all cells at the site of injection) and causes them to express the genetic

sequence encoded in the virus. For example, to activate ChR2 within PV-cre mice, viral

vectors such as the adeno-associated viral (AAV) vector containing ChR2-mCherry flanked

by a pair of canonical loxP sites is injected (51) (mcherry is a fluorescent protein which is

used to tag components in a cell, in this case, the ChR2 protein so that they can later be

visualized with fluorescence spectroscopy (52).). The cre transgenic rodent models contain

the cre-recombinase enzyme in specific neuronal populations, PV+ cells in the example

discussed. A genetically modified light-sensitive gene such as ChR2-mCherry is injected

into a population containing the neuronal population of interest. As mentioned, the gene of

interest is translated in all the cells producing ChR2-mCherry in the inverted (backwards)

direction with loxP sites flanking this inverted region. Now, the cre-recombinase enzyme

‘scans’ through the sequence and identifies the loxP sites present at both the ends of the

gene of interest as an instruction to invert the sequence between these sites. Therefore,

the system causes only the cre positive cells (PV+ cells, in this case) to express the ChR2-

mCherry in the forward (useful) direction. This functionally active ChR2 (gets attached

to the neuronal membranes) can then be controlled by shining light of the corresponding

frequency. Thus, advances in optogenetics have enabled researchers to ask targeted ques-
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tions and consequently better understand the underlying network dynamics of neuronal

populations. For instance, a recent study showed that medial septal GABAergic neurons

can control the hippocampal LFP frequency outside of the endogenous theta range using

optogenetic stimulation (53).

Figure 1.4: Schematic of methods used in optogenetics. The present schematic shows how ChR2 is specifi-

cally expressed in PV neurons in PV-cre transgenic mice and the neurons activated by a laser. The neuron and

the ChR2 membrane proteins are adapted from the Neuroscience book (48). The mouse showing optogenetic

response is taken from John B. Carnett / Getty Images. PV: Parvalbumin; ChR2: Channelrhodopsin 2; AAV:

Adeno Associated Virus

How various substances such as drugs affect the memory systems has been studied quite

extensively (54–56). Alcohol is one of the most abused substances worldwide (57). Studies

have investigated the various aspects of alcohol usage such as feelings of pleasure, reward,

relaxation and addiction (58–60). The question of the detrimental effects of alcohol in

humans such as Korsakoff s syndrome (61) and memory blackouts (62, 63) have been stud-

ied. However, there are very limited studies which investigate the effects of alcohol on the

episodic memory. Therefore, the underlying reasons for the associated deficits in episodic

memory is not well understood. The acute alcohol intake leading to the changes in the

memory system at the molecular and biochemical levels (64–66) and at the behaviour level

(67–69) in rodent models have been studied. However, in vivo electrophysiological studies

dealing with recordings in the hippocampus investigating the effects of alcohol on spatial
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memory is sparse (70–72). Research along these lines would help in enhancing insights

about the effect of alcohol on spatial memory and also its effect on the cellular and network

level. It is known that alcohol leads to a reduction in hippocampal theta activity (73, 74).

Further, this reduction in the LFP theta due to alcohol administration has been attributed

to the MS (75). These findings raise the interesting possibility of reversing the damaging

effects of alcohol on spatial memory by artificially activating the septum.

1.2 Hypothesis & Experimental Aims

It is a well-established fact that alcohol acts as a CNS depressant (76). A few previous

studies suggest a reduction in the firing rate of the place cells after injecting alcohol (72)

or a decrease in their spatial selectivity (71, 72). However, they could not find any re-

duction in the firing rate of interneurons (70, 72). It should be noted that these previous

studies had very low number of interneurons to make claims. In fact, most of these pre-

vious studies had very low number of cells overall and hence their interpretations should

be considered with caution. Therefore, there is still uncertainty about electrophysiologi-

cal changes that occur after alcohol administration. Further, it has been proposed that the

memory impairing effects of alcohol is due to the associated neurophysiological changes in

the septohippocampal pathway (75).

This master thesis project aimed to look at the effects of alcohol on the CA1 region of the

hippocampus. Specifically, the effects of alcohol on the hippocampal cells (place cells, in-

terneurons, etc.) and the LFP theta with the help of in vivo electrophysiological recordings

were investigated. Further, since the MS plays an important role in pacing the LFP theta,

this study also aimed to find if the rhythmic activation of PV+ neurons in the septum could

restore the function of the hippocampus at both the cellular and network (LFP theta) level

under the influence of alcohol.
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Chapter 2

Experimental Methods

2.1 Subjects

All mouse experiments were performed according to the guidelines for laboratory animal

welfare (Regierungspräsidium Karlsruhe). In the present study, 11 adult male PV-cre mice

were used (50). All the mice were individually housed in Plexiglass home cages and kept

on a 12-h light/dark cycle and maintained at 85-90% of their free-feeding weight with free

access to water. All experiments were performed during the light phase under dim light

conditions.

2.2 Virus Injection & Microdrive Implantation

Mice were anaesthetized with isoflurane. An adeno-associated viral (AAV) vector contain-

ing a double loxP-flanked (floxed) inverted open (DIO) reading frame coding for ChR2-

mCherry (AAV DIO ChR2-mCherry) (obtained from K. Deisseroth, Stanford University)

was injected into the MS (which gets expressed in the presence of Cre recombinase) (51).

The optic fibre (obtained from Thor Labs CFML21U , https://www.thorlabs.

com/newgrouppage9.cfm?objectgroup_id=6742) was implanted 0.2 mm above

the MS (Figure 2.1). The dura mater above the hippocampus (2.0 mm posterior and 1.7

mm lateral to bregma) was removed and a microdrive containing 4 independently movable

tetrodes (constructed from 12 µm-diameter tungsten wires (H-Formvar insulation with Bu-

tyral bond coat; California Fine Wire, Grover Beach, CA)) was implanted above the CA1

region. Two stainless steel screws above the cerebellum served as reference and ground
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signals.

2.3 In vivo Electrophysiological Recordings

After a recovery period of one week, mice were restricted to 2-3 g of lab chow and trained

in three 20-minute trials of random foraging in a black, square chamber (70x70x30 cm).

The trials were separated by 10 minutes of rest in a 25x25x30 cm box. Exploratory be-

haviour was encouraged with sugar sprinkles (TestDiet, St.Louis, MO, USA) which were

automatically dispensed from the ceiling in intervals of 20-25s.

Figure 2.1: Schematic showing tetrodes in CA1 and optic fibre in the MS. The microdrive (grey cylinder)

containing the tetrodes which are represented by black wires were lowered into the CA1 region of the hip-

pocampus. The light green structure represents the hippocampus. PV+ cells in the medial septum (light blue

structure) were activated by the laser stimulation of the implanted optic fibre represented by blue cylinder).

The tetrodes were lowered into the CA1 region daily by up to ∼ 100 µm (Figure 2.1).

Tetrodes were considered to be located in the CA1 pyramidal cell layer if ripples (125-200

Hz) were observed during immobility and sleep. The signal was then recorded in the be-

havioural paradigm described below. Brain signals were recorded using RHD2000 (Intan

Technologies) data acquisition systems and signals were sampled at 20kHz. For simulta-

neous position tracking, the signal of three LEDs attached to the headstage was recorded

with a video camera. During the third open trial of a recording session, the implanted optic

fibre (multimode IRVIS fibre, numerical aperture (NA) = 0.22) was connected to a diode-
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pumped solid-state 473-nm laser (maximum, 50 mW; CrystaLaser) and laser pulses of 5

ms (2.5 mW) were delivered within the theta frequency range (6-12 Hz, the frequency was

fixed at the start of the session). Once a pair of good recordings were obtained from one set

of cells, tetrodes were lowered by ∼ 50 µm to obtain new cells and a new set of experiments

was started.

2.4 Behavioural Paradigm

Each recording session consisted of four trials, starting with open foraging and alternating

between rest and foraging trials. The foraging trials took place in the open field where mice

received sugar sprinkles randomly as a reward for their exploratory behaviour. During rest

trials, the mouse was placed in a rest box and did not receive sugar sprinkle reward. The

recording protocol schematic is described in Figure 2.2. The first and the last open field

represent baseline and recovery trials respectively. The mouse was administered saline or

alcohol (1.5 g/kg) intraperitoneally and placed in the second open field session. The alcohol

dosage used in the present study has been shown to cause spatial memory deficits (72, 77).

PV+ cells in the septum received stimulation in the third open field trial. Saline and alcohol

recording sessions were performed in two consecutive days following which there was a

gap of at least a day to ensure that the effects of alcohol had worn off.

Figure 2.2: Schematic of the recording protocol. The mouse received intraperitoneal saline or alcohol

injection just before the second open field trial. The PV+ cells in septum were stimulated in the third open

field trial.
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Figure 2.3: Summary of the Workflow. The workflow involved in vivo electrophysiology recordings.

2.5 Histology

After experiments were finished, mice were transcardially perfused with phosphate saline

buffer (PBS) followed by 4% paraformaldehyde (PFA) solution. Fifty-micron sections

through the region covering the MS were cut coronally on a vibratome and stained with

DAPI for visualization of virus and optic fibre tract. The region covering the dorsal hip-

pocampus was cut sagittally and stained with cresyl violet for observation of tetrode tracts.

2.6 Analysis of Electrophysiological Data

2.6.1 Inclusion Criteria

For addressing the effect of acute alcohol intoxication on the hippocampus, all the mice

which had their tetrodes in the CA1 region represented by sharp-wave ripples and later

verified by histology were used. If the mice did not show any units, but histology showed

the presence of tetrodes in the CA1 region, then these sessions were considered for LFP

analysis in addition to those which had units. For LFP analysis, only paired sessions were

used. So these sessions/units were used for the first two open field trial analysis.

In order to tackle the question of the effect of stimulation of PV+ cells in the MS on the

hippocampus and the recovery of units/LFP theta in the alcohol sessions, only those mice

which showed a laser response were considered for analysis. Therefore, this subset of

sessions/units was used for the third and the fourth open field trial analysis.
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2.6.2 Unit Classification and Analysis of Single Cell Data

For each session, spikes were extracted off-line with custom-written software and assigned

to individual single-units using Klustakwik (http://klustakwik.sourceforge.

net/), followed by manual refinement with Klusters. Single units were then classified on

the basis of the mean firing rate by creating firing rate maps. To create these rate maps,

occupancy maps were first created by dividing the recording environment into 2x2-cm bins

and computing the time spent in each bin followed by smoothing with a Gaussian kernel

(s.d.=3cm). The number of spikes in each bin (the spike map) was then divided by the

corresponding bin of the occupancy map. The resulting firing rate maps were smoothed

with the Gaussian kernel (78). Putative excitatory cells were defined to have a mean firing

rate (MFR) of > 0.1 Hz and ≤ 10 Hz, while the putative interneurons (fast-spikers; FS)

were defined to have a mean firing rate of > 10 Hz. The excitatory cell group was further

divided into spatial (place cells) and non-spatial cells based on the firing properties in the

first open field exploration trial. The spatial information score used to quantify spatial

selectivity of each cell was calculated as

I =
N∑
i=1

pi
λi

λ
log2

λi

λ
(2.1)

where pi is the occupancy probability of bin i in the firing map, λi is the firing rate in bin

i, and λ is the mean firing rate of the neuron (39). Place cells were defined to have an

information score ≥ 0.8.

The ratio of the MFR of different open field trials with respect to the first open field trial

was computed for all the three cell types to determine if there was any difference in the

alcohol sessions as compared to the saline sessions. To test whether the information score

decreased upon alcohol exposure as compared to saline, the ratio of the respective open

field trials with respect to the first open field trial were calculated.

2.6.3 Local Field Potential Analysis

For each tetrode, a time-frequency spectrogram from 0 to 16 Hz was calculated via the

Chronux (http://www.chronux.org/) function mtspecgramc() using a window size

and time step of 20 s and 10 s, respectively. The LFP theta frequency was taken as the

frequency at maximum power within the 6-12 Hz frequency band of the time-averaged

15

http://klustakwik.sourceforge.net/
http://klustakwik.sourceforge.net/
http://www.chronux.org/


spectrogram (79). The relative power was then taken as the maximum power of the nor-

malized spectrum within the 6-12 Hz frequency band. The ratio of the respective open

field trials with respect to the first open field trial was computed to find the difference in

the theta frequency and relative power across alcohol sessions compared to saline sessions.

The same parameters were calculated after applying a speed filter of 5 cm/s to check if the

same relations held true when the mice were running.

2.6.4 Statistical Analysis

All statistical tests were two-sided with α = .05. Shapiro-Wilk test was performed to test

for normality. In case of non-normal distribution, median statistics was performed and the

data was represented in the form of boxplots with the box representing 25-75 percentile

of the data (interquartile range; IQR), a horizontal black line within the box representing

the median and the whiskers were represented as black vertical lines at 5 and 95 percentile

values. Wilcoxon-rank sum test was used for between-group comparisons with the null

hypothesis being the medians of both the groups were the same. Most of the comparisons

were between saline and alcohol sessions as the two groups.
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Chapter 3

Results

The result section has been divided into 4 major sections depending upon the open field

trials. The first open field trial was termed Baseline trial since it was the same in terms of

the experimental context for both saline and alcohol sessions. Saline or alcohol was injected

intraperitoneally (i.p.) just before the start of the second open field trial. Therefore, this trial

was termed Post Saline or Post Alcohol or collectively, Post Injection trials. The PV+ cells

in the MS were stimulated in the third open field trial and thus the trial was correspondingly

called Septum Stimulation trial. The final open field trial was called the Recovery trial since

the effects of alcohol were expected to disappear by that time (Figure 3.1).

Figure 3.1: Schematic showing the four trials involved in both saline and alcohol sessions.

For each of these trials, mean firing rate (MFR) analysis, information score analysis and

LFP theta frequency and relative power analyses were carried out. All of these measures

were calculated as ratios with respect to the Baseline trial for the Post Injection, Septum

Stimulation and Recovery trials.

For Baseline and Post Injection trials, 284 recording sessions from 11 mice were considered

for the LFP analysis. For the effect of run on the LFP analysis, a subset of 240 sessions was
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Figure 3.2: Representative examples from histology, cell types and summary of recording tetrodes.

The Nissl stain shows the tetrode track in the CA1 region A. and the optic fibre track in the MS region B.

visualized as a white vertical bar. The asterisk represents the recording position in the CA1 and the septal

stimulation site at the MS. C. & D. Fluorescence images showing the virus spread in the mice brain slices.

The fluorescent red dots (cell bodies) and branches (axons) in C. shows the expression of the virus in the

CA region in the hippocampus. The red dots (cell bodies) in D. shows the expression of the virus in the MS

region. E. Examples of different classes of neurons in the CA1 region are shown by their spike on path maps

(where red dot denotes spikes and the black line represents the path traversed by the mice) and the firing rate

maps. The frequency value at the bottom of the rate maps represents the mean firing rate. F. The pie charts

show the distribution of the cell types recorded and analysed in baseline and post-injection trials (left) and in

septum stimulation and recovery trials(right).
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considered. A total of 531 single-units were recorded from 9 mice and were considered

for the subsequent analysis. The two mice were excluded from the unit analysis since they

did not yield any units. Out of these, 99 were place cells (18.6 %), 94 were fast-spiking

(FS), that is, putative interneurons (17.8 %) and the rest 338 were non-spatial cells (63.4%)

(Figure 3.2, F). The histology confirmed the presence of tetrodes in the CA1 region in these

mice (Figure 3.2, A).

For Septum Stimulation and Recovery trials, 150 recording sessions from 7 mice were

considered for the LFP analysis. The other 4 mice did not show any laser stimulation

response. For the effect of run on the LFP analysis, a subset of 112 recording sessions was

considered. A total of 231 single-units recorded from these 7 mice were considered for the

unit analysis. Out of these, 64 (27.7%) were place cells, 33 (14.3%) were fast spikers and

134 (58.0%) were non-spatial, cells (Figure 3.2, F). The histology confirmed the presence of

the optic fibre in the MS and the expression of the virus in these mice (Figure 3.2, B;C;D).

In the four remaining mice, one of them had poor virus expression, while in two others the

optic fibre was off to one side in the MS. For the fourth mice, probably the optic fibre got

damaged during implantation since both the virus expression and fibre implantation site in

the MS were correct.

3.1 Baseline Trial

3.1.1 Mean Firing Rate Analysis

The following analysis was carried out to examine if there was a significant difference in

the MFR of the units between saline and alcohol sessions in the baseline trial. The median

saline session MFR for 284 units was found to be 1.48 Hz, IQR = 0.56 - 6.82 Hz (Figure

3.3, A). The median alcohol session MFR for 247 units was found to be 1.92 Hz, IQR

= 0.70 - 6.04 Hz (Figure 3.3, A). There was no significant difference in the baseline trial

between saline session and alcohol session units (Wilcoxon rank-sum test: p = 0.53). Since

potential effects could get masked if the different cell groups behave in opposite ways,

the same analysis was computed for the individual subpopulations: place cells (saline(47):

median = 0.53 Hz , IQR = 0.28 - 0.94 Hz; alcohol(52): median = 0.67 Hz, IQR = 0.30

- 1.17 Hz; Figure 3.3, B), FS (saline(53): median = 20.3 Hz, IQR = 15.69 - 28.04 Hz ;

alcohol(41): median = 20.9 Hz, IQR = 15.69 - 28.23 Hz ; Figure 3.3, C) and non-spatial
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cells (saline(184): median = 1.28 Hz, IQR = 0.57 - 3.63 Hz; alcohol(154): median = 2.00

Hz, IQR = 0.78 - 4.15 Hz; Figure 3.3, D). No significant difference was found in the MFR

in any of the subpopulations between the two sessions (Wilcoxon rank-sum test, place cells:

p = 0.44; FS cells: p = 0.98; non-spatial cells: p = 0.09). Thus, there was no difference in

the MFR of the units between saline and alcohol sessions in the baseline trial.

Figure 3.3: Boxplots representing the comparison of the baseline trial MFR scores between saline ses-

sion and alcohol session units. A. MFR of all the units pooled together. B. MFR of place cells. C. MFR

of fast-spikers. D. MFR of non-spatial cells. No significant difference was found between the MFR of saline

session and alcohol session units in the baseline trial. The central bar represents the median, the whiskers

represent the 5th and 95th percentile. ns: not significant.

3.1.2 Information Score Analysis

The following analysis was investigated to determine if there was a difference in the in-

formation score of place cells between saline and alcohol sessions before injecting saline

or alcohol. The median information score for 47 place cells was found to be 1.22, IQR =
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0.97 - 1.67 for the saline sessions (Figure 3.4). The median information score for 52 place

cells was found to be 1.19, IQR = 0.92 - 1.68 for the alcohol sessions (Figure 3.4). There

was no significant difference in the information score of the place cells in the baseline trial

between saline session and alcohol session place cells (Wilcoxon rank-sum test: p = 0.65).

Thus, the place cells had similar information scores in both saline and alcohol sessions in

the baseline trial.

Figure 3.4: Boxplot representing the comparison of the baseline trial information scores of place cells

between saline and alcohol sessions. No significant difference was found between the two sessions. The

central bar represents the median, the whiskers represent the 5th and 95th percentile. ns: not significant.

3.1.3 LFP Theta Frequency

The LFP theta frequency for the baseline trial was computed to probe if the same theta

rhythm frequency was present for both the saline and alcohol sessions before any interven-

tions. The median LFP theta frequency in the baseline trial of 140 saline sessions was 8.19

Hz, IQR = 7.96 - 8.43 Hz (Figure 3.5, A). The median LFP theta frequency in the baseline

trial of 140 alcohol sessions was 8.19 Hz, IQR = 7.98 - 8.37 Hz (Figure 3.5, A). There was

no significant difference in the LFP theta frequency in the baseline trial for alcohol sessions

as compared to the saline sessions (Wilcoxon rank-sum test, p = 0.96). Thus, the LFP theta

frequency was similar in the baseline trial for both saline and alcohol sessions.

3.1.4 LFP Theta Power

The LFP theta power for the baseline trial was computed to examine if there was any dif-

ference in the theta power between the saline and alcohol sessions before any interventions.
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The median LFP theta power in the baseline trial of 140 saline sessions was 5.99, IQR =

4.94 - 6.64 (Figure 3.5, B). The median LFP theta power in the baseline trial of 140 alcohol

sessions was 5.71, IQR = 4.87 - 6.44 (Figure 3.5, B). There was no significant difference

in the LFP theta power in the baseline trial for alcohol sessions as compared to the saline

sessions (Wilcoxon rank-sum test, p = 0.17). Thus, the LFP theta power was similar in the

baseline trial for both saline and alcohol sessions.

Figure 3.5: Boxplots representing the comparison of the baseline trial LFP theta frequency (A) and

power (B) between saline and alcohol sessions. No significant difference was found between the saline and

alcohol sessions for both theta frequency and power comparisons. The central bar represents the median, the

whiskers represent the 5th and 95th percentile. ns: not significant.

3.1.5 Speed Filtered (≥5 cm/s) LFP Theta Frequency

The following analysis was carried out to investigate the differences in the LFP theta fre-

quency between saline and alcohol sessions when the mice were running in the baseline

trial. The median LFP theta frequency in the baseline trial of 120 saline sessions was 8.20

Hz, IQR = 7.98 - 8.43 Hz (Figure 3.6, A) while the mice were running. The median LFP

theta frequency in the baseline trial of 120 alcohol sessions was 8.21 Hz, IQR = 7.98 - 8.39

Hz (Figure 3.6, A) while the mice were running. There was no significant difference in the

LFP theta frequency of the baseline alcohol sessions as compared to the baseline saline ses-

sions (Wilcoxon rank-sum test, p = 0.95) when the mice were running. Thus, no significant

difference was found in the LFP theta frequency between the saline and alcohol sessions in

the baseline trial when the mice were running.
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Figure 3.6: Boxplots representing the comparison of the baseline trial LFP theta frequency (A) and

power (B) between saline and alcohol sessions when the mice were running (after applying a speed

filter of 5 cm/s). No significant difference was found between the saline and alcohol sessions in both theta

frequency and power comparisons. The central bar represents the median, the whiskers represent the 5th and

95th percentile. SF: Speed Filter (≥5 cm/s); ns: not significant

3.1.6 Speed Filtered (≥5 cm/s) LFP Theta Power

The LFP theta power for the baseline trial while the mice were running was investigated

to ascertain if there was any difference in the same between saline and alcohol sessions.

The median LFP theta power in the baseline trial of 120 saline sessions was 6.80, IQR =

6.08 - 7.27 (Figure 3.6, B) after applying a speed filter of 5 cm/s. The median LFP theta

power in the baseline trial of 120 alcohol sessions was 6.60, IQR = 5.73 - 7.05 (Figure 3.6,

B) after applying a speed filter of 5 cm/s. There was no significant difference in the LFP

theta power in the baseline trial for the alcohol sessions as compared to the saline sessions

when the mice were running (Wilcoxon rank-sum test, p = 0.08). Thus, no significant

difference was present in the LFP theta power in the baseline trial while the mice were

running between saline and alcohol sessions.

3.1.7 Within Trial Comparison With and Without Speed Filter

The following analysis was carried out to investigate if there was a difference in the LFP

theta frequency and power within the baseline trial when the mice were running compared

to the average movement of the mice throughout the trial. The median values for both the

baseline theta frequency and the baseline relative theta power for both saline and alcohol
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Figure 3.7: Boxplot representing the comparison of the no-speed filter and speed filter (5 cm/s) for the

baseline trial while looking at LFP theta frequency (top) and relative power (bottom) in saline (left) and

alcohol (right) sessions. No statistically significant difference was found in the LFP theta frequency when

the mice were running compared to their average movement speed throughout the baseline trial in both saline

(A.) and alcohol (B.) sessions. A significant increase in the relative LFP theta power was found when the

mice were running in both saline (C.) and alcohol (D.) sessions. The central bar represents the median, the

whiskers represent the 5th and 95th percentile.
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sessions have already been given. Theta frequency was not found to be significantly differ-

ent after application of speed filter compared to when there was no speed filter in both saline

and alcohol sessions (Wilcoxon rank-sum test, Saline: p = 0.68, Figure 3.7, A; Alcohol: p =

0.53; Figure 3.7, B). Relative theta power, on the other hand, was found to be significantly

greater when the mice were running (with speed filter) as compared to when there was no

speed filter in both saline and alcohol sessions (Wilcoxon rank-sum test, Saline: p = 2.19e-

8, Figure 3.7, C; Alcohol: p = 2.93e-7, Figure 3.7, D). Therefore, the LFP theta frequency

did not change significantly when the mice were running compared to their average move-

ment speed throughout the trial, whereas the LFP theta power significantly increased when

the mice were running in both saline and alcohol sessions in the baseline trial.

3.2 Post-injection Trial

3.2.1 Mean Firing Rate Analysis

The following analysis was carried out to examine if there was a significant difference in

the MFR of the units between saline (control) and alcohol sessions immediately following

saline or alcohol injection. The median saline MFR ratio of the post-injection trial with

respect to the baseline trial for 284 units was found to be 1.05, IQR = 0.79 - 1.46 (Figure

3.8, A). The median alcohol MFR ratio for 247 units was found to be 0.91, IQR = 0.67 -

1.33 (Figure 3.8, A). There was a significant difference in the MFR ratios between saline

and alcohol group units (Wilcoxon rank-sum test: p = 0.01). Individual subpopulations

were investigated to figure out the contributions of all these groups: place cells (saline(47):

median = 1.08, IQR = 0.84 - 1.71; alcohol(52): median = 1.12, IQR = 0.84 - 1.66; Figure

3.8, B), fast spikers (saline(53): median = 0.85, IQR = 0.75 - 0.99; alcohol(41): median =

0.75, IQR = 0.66 - 0.93; Figure 3.8, C) and non-spatial cells (saline(184): median = 1.13,

IQR = 0.84 - 1.62; alcohol(154): median = 0.92, IQR = 0.63 - 1.40; Figure 3.8, D). No

significant reduction was found in the MFR ratios in case of place cells following alcohol

administration (Wilcoxon rank-sum test, place cells: p = 0.76). A reduction in the MFR

ratio was observed in FS following acute alcohol intoxication which was not statistically

significant (Wilcoxon rank-sum test, FS cells: p = 0.07). However, a significant drop in the

MFR ratio of non-spatial cells was observed following alcohol administration (Wilcoxon

rank-sum test, non-spatial cells: p = 0.003). Therefore, a statistically significant reduction
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in the MFR ratio (post-injection trial with respect to baseline trial) of non-spatial pyramidal

neurons was observed immediately after i.p. injection of alcohol. The same trend was not

observed for place cells and FS.

Figure 3.8: Boxplots representing the comparison of the post-injection trial MFR score ratios with

respect to the baseline trial between saline session and alcohol session units. A. MFR of all the units

pooled together. B. MFR of place cells. C. MFR of fast-spikers. D. MFR of non-spatial cells. A significant

difference was found in the MFR ratios between saline session and alcohol session units in case of the pooled

cell group and the non-spatial cell group. No significant difference was found in the MFR ratios of place cells

and FS cells between saline session and alcohol session. The central bar represents the median, the whiskers

represent the 5th and 95th percentile.

3.2.2 Information Score Analysis

Information score ratio of the place cells in the post-injection trial with respect to the base-

line trial was investigated to determine if there was a difference between saline and alcohol

sessions immediately after administering alcohol. The median saline information score ra-
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Figure 3.9: Boxplot representing the comparison of the post-injection trial information score ratio of

place cells with respect to the baseline trial between saline and alcohol sessions. No significant difference

was found in the information score ratio between the two sessions. The central bar represents the median, the

whiskers represent the 5th and 95th percentile. ns: not significant.

tio for 47 place cells was found to be 0.90, IQR = 0.68 - 1.18 (Figure 3.9). The median for

the alcohol information score ratio for 52 place cells was found to be 0.93, IQR = 0.78 -

1.07 (Figure 3.9). There was no significant difference in the information score of the place

cells in the post-injection trial with respect to the baseline trial between saline and alcohol

sessions (Wilcoxon rank-sum test: p = 0.96). Therefore, it was found that the information

scores of the place cells were similar in the saline and alcohol sessions after acute alcohol

intoxication. In fact, the location of the place fields also did get disrupted after acute alcohol

administration (Figure 3.10).

3.2.3 LFP Theta Frequency

The LFP theta frequency ratio for the post-injection trial with respect to the baseline trial

was computed to investigate if the theta frequency changes immediately after alcohol ad-

ministration. The median LFP theta frequency ratio of the post-injection trial with respect

to the baseline trial of 140 saline sessions was 0.99, IQR = 0.97 - 1.00 (Figure 3.11, A). The

median LFP theta frequency ratio of the post-injection trial for 140 alcohol sessions was

0.93, IQR = 0.90 - 0.95 (Figure 3.11, A). There was a significant difference in the LFP theta

frequency ratio of alcohol sessions as compared to the saline sessions. (Wilcoxon rank-sum

test, p < 2.2e-16). Thus, there was a statistically significant drop in the LFP theta frequency

just after i.p. administration of alcohol.
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Figure 3.10: Representative examples of place cell in the post-injection trial. Firing rate maps of place

cells along with trial-specific information score for a saline session and an alcohol session. The location of

the place field did not change upon acute alcohol administration.

3.2.4 LFP Theta Power

The LFP theta power ratio of the post-injection trial with respect to the baseline trial was

calculated to examine if the theta power was affected upon acute alcohol intoxication. The

median LFP theta power ratio of the post-injection trial with respect to the baseline trial of

140 saline sessions was 0.89, IQR = 0.79 - 0.94 (Figure 3.11, B). The median LFP theta

power ratio for 140 alcohol sessions was 0.82, IQR = 0.68 - 0.93 (Figure 3.11, B). There

was a significant difference in the LFP theta power ratio of the alcohol sessions as compared

to the saline sessions (Wilcoxon rank-sum test, p = 0.009). Thus, a statistically significant

drop in the LFP theta power was observed just after injecting alcohol.

3.2.5 Speed Filtered (≥5 cm/s) LFP Theta Frequency

The LFP theta frequency ratio of the post-injection trial with respect to the baseline trial

after the application of the speed filter of 5 cm/s was computed to investigate if the theta

frequency, while the mice were running, was differentially affected between saline and

alcohol sessions upon acute alcohol intoxication. The median LFP theta frequency ratio

of 120 saline sessions was 0.99, IQR = 0.97 - 1.01 (Figure 3.12, A) while the mice were

running. The median LFP theta frequency ratio of 120 alcohol sessions was 0.93, IQR

= 0.91 - 0.95 (Figure 3.12, A) while the mice were running. A significant difference in

the LFP theta frequency ratio in the post-injection trial between the saline and alcohol
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Figure 3.11: Boxplots representing the comparison of the LFP theta frequency ratio (A) and power

ratio (B) of the post-injection trial with respect to the baseline trial between saline and alcohol sessions.

A statistically significant difference was found between the saline and alcohol sessions in both theta frequency

and power comparisons with the latter having greater lowering of both theta frequency and power in the post-

injection trial. The central bar represents the median, the whiskers represent the 5th and 95th percentile.

sessions was observed (Wilcoxon rank-sum test, p < 2.2e-16) when the mice were running.

Thus, no change was observed in the earlier observation (LFP theta frequency ratio in the

post-injection trial without any speed filter) and the reduction in the LFP theta frequency

following acute alcohol intoxication still remained when only the epochs where the mice

were running was considered.

3.2.6 Speed Filtered (≥5 cm/s) LFP Theta Power

The following analysis was performed to investigate the possible effects of running on the

LFP theta power ratio of the post-injection trial with respect to the baseline trial between

saline and alcohol sessions immediately after injecting saline or alcohol. The median LFP

theta power ratio of 120 saline sessions was 0.97, IQR = 0.93 - 1.02 (Figure 3.12, B) while

the mice were running. The median LFP theta power ratio of 120 alcohol sessions was 1.05,

IQR = 0.99 - 1.10 (Figure 3.12, B) while the mice were running. A significant difference

was observed in the LFP theta power ratio between the saline and the alcohol sessions with

a greater increase in the relative power ratio in the alcohol sessions as compared to the saline

sessions when the mice were running (Wilcoxon rank-sum test, p = 2.07e-11). Thus, there

was a statistically significant increase in the theta power following alcohol administration

when only the epochs where the mice were running was considered. This trend is in contrast
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Figure 3.12: Boxplots representing the comparison of the LFP theta frequency ratio (A) and relative

power ratio (B) in the post-injection trial with respect to the baseline trial between saline and alcohol

sessions after applying a speed filter of 5 cm/s. A significant difference was found between the saline and

alcohol sessions in both theta frequency and power comparisons. Alcohol sessions had a lowering of theta

frequency ratio and an increase in the relative power ratio in the post-injection trial as compared to the saline

sessions when the mice were running. The central bar represents the median, the whiskers represent the 5th

and 95th percentile. SF: Speed Filter (≥5 cm/s).

to what was seen in the theta power ratio in the post-injection trial without any speed filter,

where the theta power ratio in saline sessions was significantly greater than the alcohol

sessions.

3.2.7 Within Trial Comparison With and Without Speed Filter

The following analysis was performed to investigate if the LFP theta frequency and the LFP

relative theta power showed different behaviour when the mice were running compared to

the average movement speed throughout the post-injection trial in both saline and alcohol

sessions. The within-trial (post-injection trial) theta frequency median values for the saline

sessions were 8.09 Hz, IQR = 7.91 - 8.26 Hz (no filter); 8.11 Hz, IQR = 7.93 - 8.29 Hz

(speed filter), for the alcohol sessions it was 7.64 Hz, IQR =7.35 - 7.82 (no filter) ; 7.65

Hz, IQR = 7.38 - 7.85 (speed filter). Similarly, the within-trial (post-injection trial) relative

theta power median values for the saline sessions were 4.91, IQR = 4.14 - 5.83 (no filter);

6.68, IQR = 5.81 - 7.11 (speed filter) and the alcohol sessions were 4.33, IQR = 3.57 -

5.33 (no filter); 7.03, IQR = 6.10 - 7.52 (speed filter). Theta frequency was not found to

be significantly different after applying a speed filter compared to when there was no speed
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filter in both saline and alcohol sessions in the post-injection trials (Wilcoxon Rank Sum

test, Saline: p = 0.56, Figure 3.13, A; Alcohol: p = 0.43, Figure 3.13, B). Theta power,

on the other hand, was found to be significantly greater when the mice were running (with

speed filter) as compared to when there was no speed filter in both saline and alcohol groups

(Wilcoxon Rank Sum test, Saline: p < 2.2e-16, Figure 3.13, C; Alcohol: p < 2.2e-16, Figure

3.13, D). Therefore, there was no statistical difference in the LFP theta frequency when the

mice were running compared to the average speed with which they moved throughout the

post-injection trial in both saline and alcohol sessions, while there was a statistical increase

in the LFP relative power when the mice were running in both saline and alcohol sessions.

Figure 3.13: Boxplot representing the comparison of the no-speed filter and speed filter (5 cm/s) for the

post-injection trial while looking at LFP theta frequency (top) and relative power(bottom) in saline (left)

and alcohol (right) sessions. No statistically significant difference was found in the LFP theta frequency

when the mice were running compared to their average movement speed throughout the post-injection trial in

both saline (A.) and alcohol (B.) sessions. A significant increase in the relative LFP theta power was found

when the mice were running in both saline (C.) and alcohol (D.) sessions. The central bar represents the

median, the whiskers represent the 5th and 95th percentile.
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3.3 Septum Stimulation Trial

3.3.1 Mean Firing Rate Analysis

Figure 3.14: Boxplots representing the comparison of the MFR score ratios between saline session and

alcohol session units in septum stimulation trial with respect to the baseline trial. A. MFR of all the units

pooled together. B. MFR of place cells. C. MFR of fast-spikers. D. MFR of non-spatial cells. A significant

difference was found in the MFR ratios between saline session and alcohol session units in case of the FS

subpopulation. The central bar represents the median, the whiskers represent the 5th and 95th percentile.

The following analysis was carried out to examine if there was a significant difference in the

MFR of the CA1 neurons between saline and alcohol sessions while PV+ cells in the MS

were being optogenetically stimulated. The median saline MFR ratio of septum stimulation

trial with respect to baseline trial for 114 units was found to be 0.99, IQR = 0.63 - 1.41

(Figure 3.14, A). The median alcohol MFR ratio for 117 units was found to be 0.96, IQR =

0.71 - 1.32 (Figure 3.14, A). There was no significant difference in the MFR ratios between

saline session and alcohol session units (Wilcoxon rank-sum test: p = 0.98). Individual
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Figure 3.15: Boxplot representing the comparison of the information score ratios in the septum stimula-

tion trial with respect to the baseline trial between saline and alcohol session place cells. No significant

difference was found between the saline and alcohol sessions. The central bar represents the median, the

whiskers represent the 5th and 95th percentile. ns: not significant.

subpopulations were investigated to figure out the contributions of all these groups: place

cells (saline(25): median = 1.09, IQR = 0.44 - 1.49; alcohol(39): median = 1.19, IQR =

0.76 - 1.54; Figure 3.14, B), FS (saline(15): median = 0.81, IQR = 0.76 - 1.09; alcohol(18):

median = 0.73, IQR = 0.67 - 0.79; Figure 3.14, C) and non-spatial cells (saline(74): median

= 0.97, IQR = 0.64 - 1.38; alcohol(60): median = 0.97, IQR = 0.69 - 1.29; Figure 3.14,

D). No significant difference was found in the MFR ratios between the saline and alcohol

sessions in case of place cell and non-spatial cell subpopulations. A significant difference

between the alcohol and saline sessions for the ratios of MFR was seen in the case of FS

cells.(Wilcoxon rank-sum test, place cells: p = 0.33; FS cells: p = 0.04; non-spatial, cells:

p = 0.76). Therefore, a statistically significant reduction in the MFR ratio of the FS cells

was seen in the alcohol sessions as compared to saline sessions in the septum stimulation

trial with respect to the baseline trial. No statistical difference was observed for the other

cell types namely place cells and non-spatial cells for the same.

3.3.2 Information Score Analysis

Information score ratio of the place cells in the septum stimulation trial with respect to

the baseline trial was investigated to determine if there was a difference in the information

score of the place cells between the saline and alcohol sessions while the PV+ cells in the

MS were being optogenetically stimulated. The median saline information score ratio for
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25 place cells was found to be 0.91, IQR = 0.79 - 1.31 (Figure 3.15). The median alcohol

information score ratio for 39 place cells was found to be 0.99, IQR = 0.75 - 1.15 (Figure

3.15). There was no significant difference in the baseline trial between saline and alcohol

group units (Wilcoxon rank-sum test: p = 1). Therefore, there was no difference in the

information score of place cells between saline and alcohol sessions when the PV+ cells in

the MS were being optogenetically stimulated.

3.3.3 LFP Theta Frequency

The LFP theta frequency ratio for the septum stimulation trial with respect to the baseline

trial was computed to investigate if the effects of alcohol intoxication on theta frequency

changed while the PV+ cells in the MS were optogenetically stimulated. The median LFP

theta frequency ratio of the septum stimulation trial with respect to the baseline trial of

75 saline sessions was 1.00, IQR = 0.97 - 1.04 (Figure 3.16, A). The median LFP theta

frequency ratio for 75 alcohol sessions was 0.96, IQR = 0.93 - 1.00 (Figure 3.16, A). There

was a significant difference in the LFP theta frequency ratio in the septum stimulation trial

with respect to the baseline trial between saline and alcohol sessions (Wilcoxon rank-sum

test, p = 0.0003). Therefore, the LFP theta frequency was still significantly lower in the

alcohol sessions as compared to the saline sessions while the PV+ cells in the septum were

being stimulated.

3.3.4 LFP Theta Power

The following analysis was performed to investigate if the stimulation of PV+ cells in the

MS differentially affected the LFP theta power in the saline and alcohol sessions. This was

done by looking at the LFP theta power ratio of the septum stimulation trial with respect

to the baseline trial in these sessions. The median LFP theta power ratio of the septum

stimulation trial with respect to the baseline trial of 75 saline sessions was 0.66, IQR = 0.55

- 0.82 (Figure 3.16, B). The median LFP theta power ratio for 75 alcohol sessions was 0.73,

IQR = 0.54 - 0.90 (Figure 3.16, B). There wasn't any significant difference in the LFP theta

power ratio in the septum stimulation trial with respect to the baseline trial between saline

and alcohol sessions (Wilcoxon rank-sum test, p = 0.45). Thus, the LFP theta power in the

septum stimulation trial was found to be similar in both saline and alcohol sessions while
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the PV+ cells in the MS were being optogenetically stimulated.

Figure 3.16: Boxplots representing the comparison of the LFP theta frequency ratio (A) and power

ratio (B) in the septum stimulation trial with respect to the baseline trial between saline and alcohol

sessions A significant difference was found between the two sessions in case of theta frequency ratios with the

alcohol sessions having a greater lowering of theta frequency than saline sessions. No significant difference

was found in the relative power ratio between the two sessions. The central bar represents the median, the

whiskers represent the 5th and 95th percentile. ns: not significant.

3.3.5 Speed Filtered (≥5 cm/s) LFP Theta Frequency

The LFP theta frequency ratio for the septum stimulation trial with respect to the baseline

trial was computed to investigate if the effects of alcohol intoxication on theta frequency

when the mice were running changed upon stimulation of the PV+ cells in the MS. The

median LFP theta frequency ratio of the septum stimulation trial with respect to the baseline

trial of 56 saline sessions was 1.01, IQR = 0.98 - 1.03 (Figure 3.17, A) while the mice were

running. The median LFP theta frequency ratio of the septum stimulation trial with respect

to the baseline trial of 56 alcohol sessions was 0.96, IQR = 0.94 - 0.98 Hz (Figure 3.17,

A) while the mice were running. A significant difference in the LFP theta frequency ratio

between the two sessions was observed after applying the speed filter (Wilcoxon rank-sum

test, p = 2.99e-10). Thus, as with no filter, the theta frequency was significantly lower in

the alcohol sessions as compared to the saline sessions while the mice were running upon

stimulating the PV+ cells in the septum.
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Figure 3.17: Boxplots representing the comparison of the LFP theta frequency ratio (A) and relative

power ratio (B) in the septum stimulation trial with respect to the baseline trial between saline and

alcohol sessions after applying a speed filter of 5 cm/s. A significant difference was found between the

saline and alcohol sessions in case of theta frequency ratio with the alcohol sessions having lower theta

frequency ratio than the saline sessions while the mice were running in the septum stimulation trial. No

significant difference was found in the relative power ratio between the two sessions while the mice were

running in the septum stimulation trial. The central bar represents the median, the whiskers represent the 5th

and 95th percentile. SF: Speed Filter (≥5 cm/s).

3.3.6 Speed Filtered (≥5 cm/s) LFP Theta Power

The LFP theta power ratio for the septum stimulation trial with respect to the baseline

trial was calculated to investigate the differences in the theta power between the saline

and alcohol sessions when the mice were running and upon optogenetic stimulation of

the PV+ cells in the MS. The median LFP theta power ratio of the septum stimulation

trial with respect to the baseline trial of 56 saline sessions was 0.83, IQR = 0.68 - 0.92

(Figure 3.17, B) while the mice were running. The median LFP theta power ratio of the

septum stimulation trial with respect to the baseline trial of 56 alcohol sessions was 0.93,

IQR = 0.69 - 1.00 (Figure 3.17, B) while the mice were running. It was observed that

the median of theta power ratio while the mice were running was greater in the alcohol

sessions as compared to the saline sessions in the septum stimulation trial with respect to

the baseline trial. However, this difference wasn't significant (Wilcoxon rank-sum test, p =

0.053). Therefore, the LFP theta power was found to be similar in both saline and alcohol

sessions in the septum stimulation trial while the mice were running and the PV+ cells in

the septum were being stimulated.
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Figure 3.18: Boxplot representing the comparison of the no-speed filter and speed filter (5 cm/s) for

the septum stimulation trial while looking at LFP theta frequency (top) and relative power(bottom) in

saline (left) and alcohol (right) sessions. No statistically significant difference was found in the LFP theta

frequency when the mice were running compared to their average movement speed throughout the septum

stimulation trial in both saline (A.) and alcohol (B.) sessions. A significant increase in the relative LFP theta

power was found when the mice were running in both saline (C.) and alcohol (D.) sessions. The central bar

represents the median, the whiskers represent the 5th and 95th percentile.

3.3.7 Within Trial Comparison With and Without Speed Filter

The following analysis was performed to investigate if the LFP theta frequency and the LFP

relative theta power showed different behaviour when the mice were running compared to

their average movement speed throughout the septum stimulation trial in both saline and

alcohol sessions. The within-trial (septum stimulation trial) theta frequency median values

for the saline sessions were 8.17 Hz, IQR = 7.98 - 8.38 Hz (no filter); 8.25 Hz, IQR =

8.06 - 8.47 Hz (speed filter), for the alcohol sessions they were 7.79 Hz, IQR = 7.59 - 8.07

(no filter); 7.82 Hz, IQR = 7.63 - 8.14 (speed filter). Similarly, the within-trial (septum
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stimulation trial) relative theta power median values for the saline sessions were 3.81, IQR

= 3.15 - 4.40 (no filter); 5.31, IQR = 4.38 - 6.34 (speed filter) and the alcohol sessions were

3.66, IQR = 3.13 - 4.26 (no filter); 5.45, IQR = 4.27 - 6.56 (speed filter). Theta frequency

was not found to be significantly different after applying a speed filter compared to when

there was no speed filter in both saline and alcohol sessions in the septum stimulation trials

(Wilcoxon rank-sum test, Saline: p = 0.16, Figure 3.18, A; Alcohol: p = 0.42, Figure 3.18,

B). Relative theta power, on the other hand, was found to be significantly greater when

the mice were running (with speed filter) as compared to when there was no speed filter in

both saline and alcohol sessions (Wilcoxon rank-sum test, Saline: p = 2.01e-9, Figure 3.18,

C; Alcohol: p = 2.41e-9, Figure 3.18, D). Therefore, there was no statistical difference

in the LFP theta frequency when the mice were running compared to the average speed

with which they moved throughout the septum stimulation trial in both saline and alcohol

sessions, while there was a statistically significant increase in the LFP relative power when

the mice were running in both saline and alcohol sessions while the PV+ cells in the MS

were being optogenetically stimulated.

3.4 Recovery Trials

3.4.1 Mean Firing Rate Analysis

The following analysis was carried out to investigate if there was a significant difference

in the MFR of the CA1 neurons between saline and alcohol sessions in the recovery trial.

The median MFR ratio of the recovery trial with respect to the baseline trial for 114 units

in the saline session was found to be 0.96, IQR = 0.64 - 1.26 (Figure 3.19, A). The median

MFR ratio of the recovery trial with respect to the baseline trial for 117 units in the alcohol

session was found to be 0.86, IQR = 0.68 - 1.34 (Figure 3.19, A). There was no significant

difference in the MFR ratios between saline session and alcohol session units (Wilcoxon

rank-sum test: p = 0.75). Individual subpopulations were investigated to find the contri-

butions of all these groups: place cells (saline(25): median = 0.96, IQR = 0.36 - 1.46;

alcohol(39): median = 1.24, IQR = 0.79 - 1.55; Figure 3.19, B), FS (saline(15): median =

0.82, IQR = 0.71 - 1.03; alcohol(18): median = 0.73, IQR = 0.71 - 0.81; Figure 3.19, C)

and non-spatial cells (saline(74): median = 0.97, IQR = 0.72 - 1.26; alcohol(60): median =

0.83, IQR = 0.59 - 1.29; Figure 3.19, D). No significant difference was found in the MFR
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ratios in the recovery trial with respect to the baseline trial between the saline and alcohol

sessions in any of the subpopulations (Wilcoxon rank-sum test, place cells: p = 0.13; FS

cells: p = 0.08; non-spatial cells: p = 0.30). Therefore, the MFR of the subpopulations were

similar between saline and alcohol sessions in the recovery trial.

Figure 3.19: Boxplots representing the comparison of the MFR score ratios in the recovery trial with

respect to the baseline trial between saline session and alcohol session units. A. MFR of all the units

pooled together. B. MFR of place cells. C. MFR of fast-spikers. D. MFR of non-spatial cells. No significant

difference was found in the MFR ratios between saline and alcohol session units for the pooled as well as

for individual subpopulations. The central bar represents the median, the whiskers represent the 5th and 95th

percentile. ns: not significant.

3.4.2 Information Score Analysis

Information score ratio of the place cells in the recovery trial with respect to the baseline

trial was investigated to determine if there was a difference in the information score of the

place cells between the saline and alcohol sessions in the recovery trial. The median saline
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information score ratio for 25 place cells was found to be 0.88, IQR = 0.72 - 1.08 (Figure

3.20). The median alcohol information score ratio for 39 place cells was found to be 0.89,

IQR = 0.70 - 1.10 (Figure 3.20). There was no significant difference in the information

score ratio of the place cells in the recovery trial with respect to the baseline trial between

saline and alcohol sessions (Wilcoxon rank-sum test: p = 0.96). Thus, the information score

of place cells was similar in saline and alcohol sessions in the recovery trial.

Figure 3.20: Boxplot representing the comparison of the information score ratios in the recovery trial

with respect to the baseline trial between saline and alcohol session place cells. No significant difference

was found between the two session place cells. The central bar represents the median, the whiskers represent

the 5th and 95th percentile. ns: not significant.

3.4.3 LFP Theta Frequency

The LFP theta frequency ratio for the recovery trial with respect to the baseline trial was

computed to investigate if the effects of alcohol intoxication on theta frequency still per-

sisted in the recovery trial. The median LFP theta frequency ratio of the recovery trial with

respect to the baseline trial for 75 saline sessions was 1.01, IQR = 0.99 - 1.03 (Figure 3.21,

A). The median LFP theta frequency ratio of the recovery trial with respect to the baseline

trial for 75 alcohol sessions was 0.98, IQR = 0.95 - 1.00 (Figure 3.21, A). There was a sig-

nificant difference in the LFP theta frequency ratio in the recovery trial with respect to the

baseline trial between saline and alcohol sessions (Wilcoxon rank-sum test, p < 5.77e-5).

Therefore, a statistically significant drop in the LFP theta frequency in the alcohol sessions

as compared to the saline sessions still persisted in the recovery trial.
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3.4.4 LFP Theta Power

The LFP theta power ratio for the recovery trial with respect to the baseline trial was com-

puted to investigate if there was a difference in the theta power between saline and alcohol

sessions in the recovery trial. The median LFP theta power ratio of the recovery trial with

respect to the baseline trial of 75 saline sessions was 0.87, IQR = 0.74 - 0.96 (Figure 3.21,

B). The median LFP theta power ratio of the recovery trial with respect to the baseline trial

for 75 alcohol sessions was 0.84, IQR = 0.73 - 0.97 (Figure 3.21, B). No significant differ-

ence was observed in the LFP theta power ratio of the alcohol sessions as compared to the

saline sessions (Wilcoxon rank-sum test, p = 0.76). Therefore, the LFP theta power was

similar in both saline and alcohol sessions in the recovery trial.

Figure 3.21: Boxplots representing the comparison of the LFP theta frequency ratio (A) and power

ratio (B) in the recovery trial with respect to the baseline trial between saline and alcohol sessions.

A significant difference was found between the two sessions in case of the theta frequency ratio with the

alcohol sessions having a greater lowering of theta frequency in the recovery trial. No significant difference

was found in the relative power ratio between the two sessions. The central bar represents the median, the

whiskers represent the 5th and 95th percentile. ns: not significant.

3.4.5 Speed Filtered (≥5 cm/s) LFP Theta Frequency

The following analysis was performed to investigate if the effects of alcohol intoxication on

theta frequency still persisted in the recovery trial when the mice were running. The median

LFP theta frequency ratio in the recovery trial with respect to the baseline trial of 56 saline

sessions was 1.02, IQR = 1.00 - 1.04 (Figure 3.22, A) while the mice were running. The

median LFP theta frequency ratio in the recovery trial with respect to the baseline trial of 56
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Figure 3.22: Boxplots representing the comparison of the LFP theta frequency ratio (A) and relative

power ratio (B) in the recovery trial with respect to the baseline trial between saline and alcohol sessions

after applying a speed filter of 5 cm/s. A significant difference was found between the two sessions in case

of theta frequency ratio with the alcohol sessions having a lower theta frequency ratio compared to saline

sessions while the mice were running. No significant difference was found in the relative power ratio between

the two sessions while the mice were running. The central bar represents the median, the whiskers represent

the 5th and 95th percentile. SF: Speed Filter (≥5 cm/s).

alcohol sessions was 0.99, IQR = 0.98 - 1.02 (Figure 3.22, A) while the mice were running.

A significant difference in the LFP theta frequency ratio between the two sessions was seen

after applying the speed filter of 5 cm/s in the recovery trial with respect to the baseline

trial (Wilcoxon rank-sum test, p = 0.0002). Thus, the drop in the LFP theta frequency due

to alcohol administration still persisted in the recovery trial while the mice were running.

3.4.6 Speed Filtered (≥5 cm/s) LFP Theta Power

The LFP theta power ratio for the recovery trial with respect to the baseline trial was com-

puted to investigate if there was a difference in the theta power between saline and alcohol

sessions in the recovery trial while the mice were running. The median LFP theta power ra-

tio in the recovery trial with respect to the baseline trial of 56 saline sessions was 0.94, IQR

= 0.89 - 0.99 (Figure 3.22, B) while the mice were running. The median LFP theta power

ratio in the recovery trial with respect to the baseline trial of 56 alcohol sessions was 0.96,

IQR = 0.89 - 1.02 (Figure 3.22, B) while the mice were running. No significant difference

was observed in the LFP theta power ratio between the two sessions in the recovery trial

with respect to the baseline trial after applying a speed filter of 5 cm/s (Wilcoxon rank-sum
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Figure 3.23: Boxplot representing the comparison of the no-speed filter and speed filter (5 cm/s) for

the recovery trial while looking at LFP theta frequency (top) and relative power(bottom) in saline (left)

and alcohol (right) sessions. No statistically significant difference was found in the LFP theta frequency

when the mice were running compared to their average movement speed throughout the recovery trial in both

saline (A.) and alcohol (B.) sessions. A significant increase in the relative LFP theta power was found when

the mice were running in both saline (C.) and alcohol (D.) sessions. The central bar represents the median,

the whiskers represent the 5th and 95th percentile.

test, p = 0.33). Thus, the LFP theta power was similar in both saline and alcohol sessions

in the recovery trial while the mice were running.

3.4.7 Within Trial Comparison With and Without Speed Filter

The following analysis was performed to investigate if the LFP theta frequency and the LFP

relative theta power showed different trends when the mice were running compared to their

average movement speed throughout the recovery trial in both saline and alcohol sessions.

The within-trial (recovery trial) theta frequency median values for the saline sessions were
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8.29 Hz, IQR = 8.12 - 8.45 Hz (no filter); 8.33 Hz, IQR = 8.17 - 8.52 Hz (speed filter), for

the alcohol sessions they were 8.15 Hz, IQR =7.93 - 8.30 Hz (no filter); 8.20 Hz, IQR =

8.01 - 8.36 Hz (speed filter). Similarly, the within-trial (recovery trial) relative theta power

median values for the saline sessions were 4.55, IQR = 3.63 - 5.29 (no filter); 6.49, IQR =

5.29 - 6.92 (speed filter) and the alcohol sessions were 3.94, IQR = 3.30 - 5.23 (no filter);

6.36, IQR = 4.98 - 6.85 (speed filter). Theta frequency was not found to be significantly

different after the application of the speed filter compared to when there was no speed filter

in both saline and alcohol sessions in the recovery trial (Wilcoxon rank-sum test, Saline: p

= 0.38, Figure 3.23, A; Alcohol: p = 0.42, Figure 3.23, B). Theta power, on the other hand,

was found to be significantly greater when the mice were running (with speed filter) as

compared to when there was no speed filter in both saline and alcohol sessions (Wilcoxon

rank-sum test, Saline: p = 7.94e-9, Figure 3.23, C; Alcohol: p = 2.77e-10, Figure 3.23, D).

Therefore, there was no statistical difference in the LFP theta frequency when the mice were

running compared to the average speed with which they moved throughout the recovery trial

in both saline and alcohol sessions, while there was a statistically significant increase in the

LFP relative power when the mice were running in both saline and alcohol sessions in the

recovery trial.

3.5 Result Summary

1. Baseline Trial Analyses: Mean Firing Rate analysis, Information Score Analysis and

LFP theta frequency and relative power analysis between the saline and the alcohol

sessions showed no statistical difference in the baseline trial. Hence, in the subse-

quent trials, the comparison between these two sessions by comparing the ratios of

these parameters with respect to the baseline was justified.

2. MFR Ratio Analysis: A statistically significant drop in the MFR ratios of all pooled

cells in case of alcohol session was observed in the post-injection trial. Upon investi-

gating it further, it was found that this difference was predominantly coming from the

non-spatial pyramidal neurons. There was a drop in FS cells in alcohol sessions as

well, though it was not statistically significant. A significant reduction was seen only

in the MFR ratio of the FS cells in the case of septum stimulation trial for alcohol

sessions as compared to saline sessions. However, the number of FS cells were too
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Figure 3.24: Spatial firing properties of hippocampal place cells. Firing rate maps of place cells along

with trial-specific information score for a saline session and an alcohol session.

low to reliably make any conclusions.

3. Information Score Ratio Analysis: No significant difference between alcohol and

saline sessions was found for information score ratios for any of the trials. This was

also validated by visual inspection of the place fields whose spatial selectivity did not

seem to get affected under the influence of alcohol (Figure 3.24).

4. LFP Theta Frequency Ratio Analysis: A statistically significant drop in the theta

frequency in the alcohol sessions as compared to the saline sessions was observed in

all the three trials after administering alcohol (Figure 3.25). This result was surprising

for the stimulation of the PV+ cells in the septum trial where it suggested that a

reduction in the LFP theta frequency was present for the alcohol sessions as compared

to saline sessions even when the same stimulation frequency was used in both the

sessions. Further, the fact that a drop in theta frequency was maintained even in the

recovery trial in the alcohol sessions showed that the possible effect of alcohol was

still present in that trial.

5. Relative LFP Theta Power Ratio Analysis: A significant reduction in the theta

power of the alcohol group as compared to the saline group was observed only in the

post-injection trial (Figure 3.25).

6. Effect of Running (Speed Filter ≥ 5 cm/s) on the Theta Frequency Ratio (Com-
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parison Between Saline and Alcohol Sessions): In case of theta frequency ratio a

lower theta frequency ratio in the alcohol sessions compared to saline sessions was

observed in all the trials while the mice were running, similar to what was observed

without any speed filter.

7. Effect of Running (Speed Filter ≥ 5 cm/s) on the Relative LFP Theta Power Ra-

tio (Comparison Between Saline and Alcohol Sessions): There was a statistically

significant increase in the relative theta power ratio of the alcohol group as compared

to the saline group in the post-injection trial when the mice were running. The relative

theta power ratio was higher in the alcohol sessions in the septum stimulation trial as

well after applying a speed filter of 5cm/s though not statistically significant. There

was no significant difference in the relative theta power ratio between the saline and

alcohol sessions in the recovery trial while the mice were running.

8. Effect of the Running (Speed Filter >= 5 cm/s) on the Theta Frequency Within

The Same Trial (Comparison Between No Filter and Speed Filter Groups): There

was no significant difference between speed filter (when the mice were running) and

no filter group in case of theta frequency across all the trials for both saline and alco-

hol sessions.

9. Effect of the Running (Speed Filter >= 5 cm/s) on the Relative Theta Power

Within The Same Trial (Comparison Between No Filter and Speed Filter Groups):

A statistically significant increase in the relative theta power was always seen in the

case of speed filter (when the mice were running) group as compared to no filter

group across all the trials for both saline and alcohol sessions.
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Figure 3.25: LFP theta under saline and alcohol conditions Representative example of the change in the

theta frequency and power across trials for a saline session and an alcohol session. The red line represents the

theta frequency with maximum power. The two red lines represent the endogenous peak and the artificially

stimulated laser peak (dominant) upon septum stimulation in saline session. The endogenous peak completely

overlaps the artificially stimulated laser peak in the septum stimulation trial of the alcohol session.
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Chapter 4

Discussion

Spatial memory, which can be a kind of episodic memory is critical for efficiently navigat-

ing through an environment. It is known that acute alcohol intoxication causes deficits in

spatial memory (80). The present study looked at the effects of alcohol on the unit firing

and the LFP theta rhythm in the CA1 region of the hippocampus. It is the first in vivo

electrophysiological study in mice to study the effect of acute alcohol intoxication on the

CA1 region of the hippocampus. The previous studies used rats as their model organisms

(70–72, 81, 82). Further, it is the first study to integrate optogenetic stimulation of PV+

cells in the medial septum post alcohol administration into a single paradigm to examine if

the effects of alcohol on the cellular and network level could be reversed.

It has been reported that rodents could not perform memory tasks at the administered dose

of alcohol, i.e. 1.5 g/kg (72, 77). This was further validated by unpublished data from

the present lab (personal communication), which found that the performance of mice on

a spatial memory task on a radial arm maze was impaired under alcohol intoxication at

concentrations of 1.0; 1.5; 2.0 g/kg. Thus deficits in spatial memory in mice should be

evident at the dosage used in the present study.

4.1 Electrophysiological Changes at the Cellular Level

In the present study, it was found that the mean firing rate (MFR) of place cells did not

decrease immediately following alcohol administration in the post-injection trial, nor did it

drop later. Further, the information score, a measure for spatial specificity also did not drop

after acute alcohol intoxication. However, a significant drop was observed in the non-spatial
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pyramidal neurons immediately after injecting alcohol. The present findings are interesting

in light of the previous studies. One of these reported a reduction in the overall rate of the

place cell upon 1.5 g/kg i.p. administration of alcohol in awake, freely behaving rats on a

Y maze (72). Further, the study also showed a reduction in the place cell specificity which

was defined as the ratio of in-field to out-field firing rates (the in-field firing rates decreased

whereas the out-field firing rates did not). Another study that used a slightly higher alcohol

dosage of 2 g/kg (injected i.p.) also showed a decrease in the place cell specificity in awake,

freely behaving rats on a radial arm maze (71). In this study, the place cell specificity was

defined as the ratio of the firing rate of the neuron in the place field divided by the mean

firing rate. The location of the place fields nonetheless remained stable in these studies

and the same was observed in the present study (71, 72). In two other studies, which used

ip injection and intrahippocampal dialysis as the means of administering alcohol in awake

behaving rats, a reduction in the firing rates of the pyramidal neurons in the CA1 region

of the hippocampus was found (81, 82). In anaesthetized rats also, a decrease in the firing

rates of pyramidal neurons was found upon ip administration of alcohol (70).

The reduction in the MFR of the place cells and the reduction in the spatial selectivity

following acute alcohol administration witnessed in some studies (71, 72) had one major

difference in terms of the experimental paradigm from the one used in the present study.

In both of these studies, maze tasks were used as opposed to random foraging task as the

behavioural paradigm. It is known that goal-directed behaviour boosts in-field behaviour,

which might not happen in the random foraging tasks especially when the reward distribu-

tion is uniform which was the case in the present study (11). This might explain why the

MFR and the information score did not decrease following acute alcohol administration in

the present study. It is also to be noted that in the study (70), the experiment was performed

while the rats were anaesthetized. It has been shown that anaesthetics interact with alcohol

and may obscure some aspects of its cellular effects (83, 84). In another recent study (82),

which looked at the effects of acute alcohol on the hippocampus, the rats were not freely

moving even though they were awake and behaving. Therefore, the results of this study

might not reflect what happens to place cells when the rodents are actively engaged in mov-

ing around. Further, in a study in which alcohol was administered via intrahippocampal

microdialysis (81), different physiological effects as compared to ip administration might

be seen. It is also noteworthy to mention that in these previous studies (70, 81, 82) the find-
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ings were about the pyramidal cells in the CA1 region of the hippocampus and not place

cells in particular. This is because, the rat's position was not correlated with their spike

trains (the rats were either not moving or their path was not being recorded), and thus the

spatial nature of these neurons was not confirmed. Therefore, it is likely that the recorded

pyramidal neurons in these studies contained both spatial as well as non-spatial cells. It is

tempting to speculate that the drop in the firing rates of the pyramidal neurons seen in these

studies might be because of the non-spatial neurons, as was seen in the present study as

well.

In the present study, it was observed that the MFR of FS (putative interneurons) showed a

decreasing trend (though not statistically significant) following acute alcohol administration

in the post-injection trial. The firing rates of the interneurons were also studied in previous

studies (70, 72, 82). All of them reported no statistically significant change after administer-

ing alcohol as compared to saline. In one study (72), the behaviour of the interneurons was

diverse with three of them showing a decrease, one increase and the remaining three with

no change in the firing rate. In another study (70), no interneuron firing rate change was

observed after alcohol administration. However, it was found that interneuron discharges

in the CA1 evoked by stimulation of the Schaffer collaterals increased significantly after

i.p. administration of alcohol. The stimulation of Schaffer collaterals was done to mimic

the normal physiological condition since the rats were under anaesthesia. However, as dis-

cussed above, anaesthesia is thought to interact with alcohol and hence the results from this

study should be interpreted with caution. Importantly, the interneurons were defined on the

basis of firing rates and waveform features in these studies (70, 72, 82). But in the current

study, it was done on the basis of the mean firing rate only. Thus, the differences in the result

between these three studies with the present study (a statistically non-significant decreas-

ing trend in the MFR of interneurons) could be due to differences in the definition although

these results in the present study were in general agreement with the previous literature.

Further, the number of interneurons studied were significantly lower in all of these previous

studies as compared to the present study. Specifically, 11 interneurons were studied in one

study (72), 17 in another study (70). One study, however, did not mention the number of

recorded interneurons (82). On the other hand, in the present study 94 interneurons were

recorded.

The present study found a significant reduction in the MFR of the interneurons during op-
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togenetic stimulation of PV+ cells in the MS. However, this result might not have sufficient

statistical power due to the low number of recorded interneurons in the septum stimulation

trial. In fact, the total units recorded from the septum stimulation trial was low and hence

the effects of the stimulation of the PV+ cells in the MS on these units should be interpreted

with caution.

Finally, an inherent methodological bias in the present study merits consideration. In the

study, since only those units which fired consistently throughout the recording session were

kept for analysis, a systematic underestimation of the total number of units was inevitably

done. It is possible that some cells might behave physiologically in such a way (by stopping

their activity immediately following alcohol injection) but were not considered for the same

reason.

4.2 Electrophysiological Changes at the Network Level

There was significant suppression of the LFP theta (both frequency and relative power)

after acute alcohol exposure. Previous studies looking at the effect of acute alcohol at

doses that impair hippocampal-dependent learning also found a significant reduction of the

LFP theta rhythm (74, 82). It has been hypothesized that the reduction in the hippocampal

LFP theta after acute alcohol administration might occur due to the effects of alcohol on

the septum (75), a structure which is thought to pace the hippocampal LFP theta (44).

Interestingly, the drop in the LFP theta frequency remained even when the PV+ cells in the

MS were stimulated. However, this was not seen in all the sessions. Visual inspection of

theta frequency and power in some of the sessions did show that the optogenetic stimulation

of the PV+ cells in the MS could pace the LFP theta (Figure 3.24). One likely explanation

for this observation would be that the optogenetic stimulation of the PV+ cells in the MS

for pacing the hippocampal LFP theta was not consistently reliable. Interestingly, it was

found that the drop in the LFP theta frequency persisted even in the recovery trial, which

was roughly an hour after injecting the alcohol (time difference between the post-injection

trial and the recovery trial). It is well known that the concentration of alcohol injected

determines the blood level (85) and varies in rats and mice (86). It was shown in one study

that in rats injected with a dose of 0.56 and 0.8 g/kg alcohol ip, the blood alcohol level

peaked in the first 5 to 15 minutes followed by a decline in the next 15 to 30 minutes (85).
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In contrast, in another experiment in mice injected with alcohol ip at a dose of 3.8 g/kg,

alcohol concentrations rose to a peak in about 60 min and was completely flushed out from

the system within 7 hours (86). Since a dose of 1.5 g/kg was used in the present study, it is

reasonable to assume that enough alcohol was present in the mice to produce the persistent

effect of a drop in the LFP theta frequency seen in the recovery trial.

In the present study, the LFP theta frequency and the relative power within-trial were cal-

culated when the mice were running (speed filter of ≥ 5 cm/s) compared to their average

movement speed (no filter) throughout the trial. A consistent pattern was found across all

the trials in both alcohol and saline sessions. The LFP theta frequency did not change sig-

nificantly when the mice were running as compared to their average running speed, whereas

the LFP relative power was always found to be significantly greater at that time. Previous

literature reported an inconsistent relationship between LFP theta frequency and movement.

Whereas some studies showed a positive correlation between the LFP theta frequency and

movement (87, 88), other studies showed that the LFP theta frequency is associated only

with the speed at which voluntary movement is initiated (89–91). Still, others did not find

any correlation between the LFP theta frequency and the speed (92, 93). An analysis cor-

relating the LFP frequency with the speed at which voluntary movement was initiated was

not performed in the present study. Therefore, further studies are required to understand

the relationship between LFP theta and the initial voluntary movement speed. Neverthe-

less, in the present study, the LFP theta frequency findings suggest no correlation between

the theta frequency and high running speed (≥ 5cm/s) which is consistent with the finding

in the previous studies (92, 93).

The relative LFP theta power (the amplitude of the LFP theta) on the other hand has been

shown to be positively correlated with movement in all the previous studies (89, 92, 94,

95). The same trend was also seen in the present study. A novel finding in the present study

was an increase in the LFP theta power when the mice were running that was significantly

greater in case of alcohol sessions as compared to saline sessions in the post-injection trial

immediately following alcohol administration. A similar trend was seen in the septum

stimulation trial though it was not statistically significant. In the case of the recovery trial,

there was no difference in the LFP theta power between saline and alcohol sessions when

the mice were running. The reasons for these findings are unclear but it seems likely that

changes due to alcohol in the LFP theta power while the mice are running decays faster
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than the general effect of alcohol on the LFP theta frequency.

4.3 Summary

The present study was the first in vivo electrophysiological study in mice that aimed to find

the effects of acute alcohol intoxication on the CA1 region of the hippocampus. The study

also explored if the rhythmic activation of the PV+ cells in the MS, via optogenetic stim-

ulation could restore the function of the hippocampus under the influence of alcohol. The

study found that acute alcohol intoxication at a dosage of 1.5 g/kg, administered intraperi-

toneally led to a reduction in the MFR of non-spatial cells immediately after the injection.

No significant change was seen in the MFR and the information score of place cells and the

location of the place fields remained stable as well. The MFR of the interneurons did not

change significantly just after alcohol administration, though a decreasing trend was seen

compared to the saline sessions. At the network level, a significant drop in the LFP theta

frequency and power was seen immediately after injecting alcohol. The suppression in

the LFP theta frequency persisted throughout the recording session in the alcohol injected

mice. Further, the optogenetic stimulation of the PV+ cells in the MS did not reliably pace

the hippocampal LFP theta since the LFP theta frequency was statistically lower in case

of alcohol sessions as compared to saline sessions even while the stimulation was being

done. The results in the present study at both the cellular and the network levels are broadly

in agreement with the previous studies. The findings of the study are important and raise

some important questions about the mechanism underlying alterations of spatial memory

following alcohol intoxication.

An interesting question raised by the study is what really gets disrupted under the influence

of alcohol at the cellular level if only the firing properties of non-spatial cells get reduced

after acute alcohol intoxication. A possibe solution to this problem may lie in investigat-

ing these pyramidal neurons (non-spatial) in greater detail and examine their physiological

functional parameters upon alcohol administration. Apart from this, other firing proper-

ties of the place cells like theta phase precession, which is thought to play an important

role in episodic memory in terms of phase coding, enabling synaptic plasticity and/or se-

quence retrieval and prediction (39, 40) should also be probed to address this question.

Another possibility is that the spatial memory deficits were because of a more complex
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network effect. Fast-spiking interneurons are thought to be responsible for coordinating

the hippocampal network dynamics for memory consolidation (96). An important analysis

in which the place cells, interneurons and non-spatial cells are defined on the basis of the

waveform and the MFR should be done. This would lead to a more standard definition of

each of these categories and would thus enhance the clarity of the results. Further, it would

be revealing to see the effects of alcohol in some other memory and spatial navigation ori-

ented systems such as the medial entorhinal cortex (MEC) and the medial septum (MS).

The MEC serves as both input and output to the hippocampus and houses many spatially

tuned cells such as grid cells, head direction cells and border cells (97). It would be inter-

esting to explore the effects of alcohol on these spatially active cells in MEC and compare

the effects with the hippocampal place cells to evaluate if they behave in a similar way.

Besides, the MS plays a critical role in pacing the hippocampal theta rhythm (23, 41, 44).

So, electrophysiological recordings from the MS under the influence of alcohol may also

lead to meaningful insights.

The suppression of the LFP theta (frequency and power) points towards the fact that some

network-level changes take place following acute alcohol administration. The LFP theta

is borne out of the interaction of extracellular currents from multiple sources such as the

synaptic activity, fast action potentials, calcium spikes, intrinsic currents and resonances,

spike afterhyperpolarization, gap junctions and neuron-glia interactions and ephaptic ef-

fects (26). Thus, it is hard to pinpoint the effect of alcohol seen on the LFP theta to be

arising solely out of the firing properties of pyramidal neurons and interneurons. Further,

it has been shown in a previous study that it is indeed possible to pace the hippocampal

LFP theta via optogenetic stimulation of PV+ cells in the MS (53). However, in the present

study, it is doubtful if the optogenetic stimulation of the PV+ cells in the medial septum

could bring back the theta frequency and power (even though it was seen in some sessions

as discussed above). Further, all the mice involved in the septum stimulation trial analysis

had proper virus expression and the optic fibre was also implanted at the correct location in

the MS. A more comprehensive analysis looking at the effects of optogenetic stimulation on

a session by session basis would be performed to evaluate the LFP theta pacing efficiency.

Finally, if the septum activation indeed brings back the LFP theta, a pertinent experiment

would be to determine if the performance of drunk mice in a memory task improves upon

the optogenetic stimulation of PV+ cells in the septum.
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Chapter 5

Future Perspectives and Conclusion

5.1 Future Perspectives

Perhaps the clearest deficit of acute alcohol intoxication was seen in the LFP theta. There-

fore, apart from the analyses mentioned in the discussion, the LFP, in particular, will be

investigated in greater detail. Specifically, a discrete wavelet transform (DWT) calculation

will be performed. DWT is a type of time-frequency analysis which breaks down a discrete

wavelet (a wave-like oscillation) signal such as the LFP data into different frequency com-

ponents and gives a good temporal resolution as well. Therefore, it allows one to probe how

the different frequency ranges like delta (1-4 Hz), theta (6-12 Hz), alpha (12-25 Hz), gamma

(25-140 Hz) behave over time. It will be insightful to look at the effects of acute alcohol

intoxication in these other frequency ranges as well. For instance, gamma waves contribute

to memory formation and are thought to play a critical role in information processing in the

brain (26, 98).

On performing DWT, wavelet coefficients corresponding to different frequency ranges are

obtained. Using these coefficients, wavelet entropy (WE), relative wavelet entropy (RWE)

and relative wavelet energy will also be calculated. The WE carries information about the

degree of order/disorder associated with a multi-frequency signal response (99, 100). It was

reported that WE increased upon acute alcohol intoxication (82). It will be interesting to

compute WE and compare results found in the present study with the previous literature.

The RWE compares the similarity between different frequency bands of the signal. The

relative wavelet energy, as the name suggests, computes the relative energy associated with

each of the frequency bands and thus provides information about their corresponding degree
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of importance. Thus, performing the DWT analysis will allow us to gauge the interplay of

these various frequency bands which can eventually help us to build top-down models about

possible changes in the network following acute alcohol administration.

5.2 Conclusion

This study looked at the effects of acute alcohol intoxication in the CA1 region of the hip-

pocampus in awake, freely behaving PV-cre mice. The study also assessed whether by

stimulating the PV+ cells in the MS after alcohol administration, the effects of alcohol on

spatial memory could be reversed. It was observed that the mean firing rate and the infor-

mation score of place cells, along with the location of the place fields remained intact even

after acute alcohol administration. However, the mean firing rate of non-spatial cells de-

creased immediately after injecting alcohol and the mean firing rate of the interneurons also

showed a decreasing trend. Further, the LFP theta frequency and power also dropped after

acute alcohol administration. Thus, the results of this study provide evidence that acute

alcohol intoxication indeed causes changes in both the cellular as well as the network level

in the CA1 region of the hippocampus. However, there is a lack of clarity regarding the

effect of optogenetic stimulation of the PV+ cells in the MS on the LFP theta after alcohol

administration. This study is the first of its kind raising interesting possibilities that need

to be tested by additional experiments, which include further electrophysiological record-

ings and analysis, along with additional fine-tuning of the behavioural paradigms in mice.

These experiments can provide important insights into the mechanisms underlying deficits

of spatial memory caused by alcohol intoxication and throw further light on the mecha-

nisms of LFP theta pacing by rhythmic activation of the PV+ cells in the MS following

alcohol administration.
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