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Abstract
The immediate early gene Arc is rapidly expressed in hippocampal subregions following
excitatory neuronal activity including electroconvulsive shock treatments. Arc has been shown to
play a role in synaptic plasticity and gaining insight into its regulation and mechanisms is critical
to understanding the intricacies of learning and memory. This study aims to see if reducing the
current of the electroconvulsive shock treatments will reduce the number of Arc mRNA-positive
cells in the dentate gyrus and CA1 to further understand Arc’s role in the hippocampus. Fischer
344 (F344) rats were assigned to six different treatments: 0 mA, 20 mA, 40 mA, 65 mA, 77 mA,
and 85 mA. The brains were extracted five minutes after the treatment, quick frozen, sectioned,
and thaw mounted onto super frost slides. The number of Arc mRNA-positive cells were counted
using compartmental analysis of temporal activity by fluorescence in situ hybridization
(catFISH) combined with confocal microscopy in the dentate gyrus and CA1. This revealed a
sharp increase in the number of Arc mRNA-positive cells between the 65 mA counts and the 77
mA counts in the dentate gyrus (~2.8% of cells to ~85% of cells) and CA1 (distal ~27.4% of
cells to ~70.1% of cells, medial ~26% of cells to 71% of cells, proximal ~17.4% of cells to
72.1% of cells) suggesting a threshold for activation.
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Introduction
Activity-regulated cytoskeleton-associated gene (Arc) is an immediate-early gene (IEG)
and has been shown to play a key role in synaptic plasticity and therefore in the learning and
memory process 1,2. Immediate early genes (IEGs) are expressed rapidly and transiently in
response to excitatory neuronal activity 1. Other commonly studied IEGs include zif/268, jun-B,
c-fos, and c-jun. In particular, Arc expression is induced by LTP-inducing stimuli 1,2. When
antisense oligodeoxynucleotides (ODNs) are used to block the translation of Arc, it was seen that
only the rat’s long-term potentiation (LTP) maintenance and consolidation of long-term memory
(LTM) was disrupted during spatial Morris swim tasks, while task acquisition and short-term
memory were not impaired 3. Similarly, in Arc knockout mice it was shown that there was
impairment of both long-term potentiation and long-term depression while short-term memory
was intact. Synaptic plasticity refers to the ability of synapses to become strengthened (LTP) or
weakened (LTD) depending on the balance of AMPA receptors on the synaptic membrane. This
trafficking of AMPA receptors from the membrane via exocytosis and to an internal reserve via
endocytosis was confirmed to be regulated by Arc 4. Upon knocking out Arc, there was reduced
endocytosis and increased steady-state surface levels of AMPA receptors. Thus, Arc plays a
crucial role in the stabilization of activity-dependent hippocampal plasticity 3.
IEGs are powerful because their induction can be used to mark a neuron’s recent
neuronal activity 5. Specifically, due to the unique expression of the IEG Arc, it is commonly
used to mark neurons that have been involved in navigational behaviors. Upon exploration of an
environment, cells in the rat’s hippocampus will be activated and thus begin the process of
transcription for Arc. It was discovered that after certain periods of time, Arc could be found in
discrete locations in the cell. Once activated, Arc mRNA will appear as intranuclear foci in the
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nucleus and then by approximately 5 - 10 minutes Arc mRNA will appear in the cytoplasm 6.
After approximately 45 minutes, the Arc mRNA translocates to the dentrites, where it is
translated 2. These characteristic time points allow for monitoring of the distribution of Arc
mRNA in single cells throughout subregions of the brain after a spatial exploration task and can
be used to discriminate the neuronal activation history at two different time points 6.
Compartmental analysis of temporal activity by fluorescence in situ hybridization (catFISH)
combined with confocal microscopy was first described by Guzowski et al. (1999) and allows for
visualization of the neuronal activation history with temporal specificity. If the rat was allowed
to explore the same environment twice, with a 20 minute interval in between, approximately
40% of the total cells activated will be double-labeled (intranuclear foci and cytoplasmic) with
very low levels of only intranuclear foci or cytoplasmic mRNA. This showed that majority of
cells that were activated during the first exploration task also participated in the second
exploration task. In comparison, rats that explored two different environments, showed the three
populations of cell (intranuclear foci, cytoplasmic, and double-label) with similar levels
(approximately 22%, 23%, 16%). Cells that contained labeled intranuclear foci must have been
activated within the last 5 – 10 minutes, whereas if Arc was in the cytoplasm it must have been
activated within the last 45 minutes. Cells that were double-labeled must have been activated
during both time points 6.
Maximum electroconvulsive shock (MECS) serves as a substitute technique to behavior
that globally induces cells that are capable of transcribing IEGs. The expression of Arc after
MECS has been well characterized and is known to cause a dramatic increase in the number of
intranuclear foci to appear in CA1 within two minutes of treatment 6–8. Now we want to know if
decreasing the current will also decrease the proportions of Arc mRNA-positive cells. Rats will
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be given a five-minute rest period after the electroconvulsive shock treatment before extraction
of the brain. Following brain sectioning, catFISH will be used to visualize Arc mRNA-positive
cells within the neuronal population of the dentate gyrus and CA1.

Methods
Animals and Electroconvulsive Shock Treatment
A total of 18 young rats (5-6mo) F344 rats were used. Rats were assigned to 5 different
electroconvulsive shock treatments (20 mA, 40 mA, 65 mA, 77 mA, and 85 mA), while an
additional group received no shock (cage control). Brains were then rapidly extracted five
minutes after treatment and quick frozen.

Fluorescence in situ hybridization
The brains were blocked and sectioned such that different treatments were represented on
the one slide in order to compare the Arc activation patterns. Twenty-µm thick coronal sections
were cut using a cryostat and thaw mounted onto slides. Fluorescence in situ hybridization was
performed as described in Guzowski et al. (1999), by Dr. Monica Chawla.

Confocal microscopy and Cell counting
The stained slides were analyzed using a Leica SP5-II confocal microscope equipped
with six lasers. In combination with the 20x/0.7NA Plan Apo multi-IMM dry objective lens, two
of the six lasers were used to collect images of the dentate gyrus: the 405 diode and HeNe 594
lasers. The entire dentate gyrus was imaged in small overlapping sections. The size of the z-stack
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was determined by scrolling to the top and bottom of the section until the cells faded out. The
image sizes were 512 x 512. Images were taken every 1µm z-step to produce a z-stack of each
section. The smart offset and smart gain setting were set using the first brain and then kept
constant for the rest of the brains on the slide. All other parameters were kept constant for all
slides.
The image processing package program Fiji was used to compute the area and cell
counting of the dentate gyrus. A composite image of the two spectral channels was first
generated for each section. The images were then counted for the number of Arc mRNA-positive
cells after considering the amount of overlap between each z-stack to ensure the same positive
cell was not counted twice. Negative cells were counted instead for the 77mV and 85mV
treatments. The area and the cell count number were recorded onto a Microsoft Excel sheet. The
area was then used to estimate the number of total granule cells in the dentate gyrus.
CA1 images were collected with a 40x/1.25NA PL Apo (oil) lens using the same two
lasers stated previously. Images were taken every 0.76µm z-step to produce a z-stack. The smart
offset and smart gain setting were set using the first brain on the slide and then kept constant for
the rest of the brains on the slide. All other parameters were kept constant for all slides. Three
total images were taken of each CA1: proximal CA1, distal CA1, and medial CA1. The images
were counted for the number of intranuclear foci staining, cytoplasmic staining, double-labeled
(intranuclear/cytoplasmic staining), or negative. The determination of the cell was done after
viewing multiple z-images in the z-stack that made up that particular cell. The cell count was
recorded on a Microsoft Excel sheet.
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Results
The in situ hybridization technique was used to visualize Arc mRNA in the dentate gyrus
and the CA1 region, as shown in Figure 4 and 5. In the dentate gyrus it was found that the 20
mA, 40 mA, and 65 mA intensities produced very few Arc mRNA-positive cells, as shown in
Figure 2. At 0 mA = ~1.6 +/- 0.3, 20 mA = ~ 4.0 +/- 0.4, 40 mA = ~ 6.0 +/- 0.6, and 65 mA = ~
2.8 +/- 0.7 % Arc mRNA-positive cells. At 77mA and 85mA, majority of the cells present in the
dentate gyrus were Arc mRNA-positive. Approximately 85 +/- 1.0 % of the total cell population
was classified as Arc mRNA-positive for the 77mA and 93% for the 85mA intensity.
In the CA1 it was found that at lower current intensities (20 mA and 40 mA) there are
more Arc mRNA-positive pyramidal cells compared to granule cells with approximately 20 –
30% of pyramidal cells having lower threshold for Arc induction up to 65 mA, as shown in
Figure 3. At 77 mA and 85 mA, majority of cells were Arc mRNA-positive. In the distal CA1, 0
mA = ~ 11 +/- 1.6, 20 mA = ~ 25 +/- 1.8, 40 mA = ~ 30 +/- 2.4, 65 mA = ~ 27.4 +/- 2.5, 77 mA
= ~ 70.1 +/- 1.1 and 85 mA = ~ 70 +/- 1.1 % Arc mRNA-positive cells. In the medial CA1, 0 mA
= ~ 10.9 +/- 1.3, 20 mA = ~ 22.5 +/- 1.8, 40 mA = ~ 24 +/- 1.8, 65 mA = ~ 26 +/- 3.0, 77 mA = ~
71 +/- 1.2 and 85 mA = ~ 71 +/- 0.8 % Arc mRNA-positive cells. In proximal CA1, 0 mA = ~
8.3 +/- 1.3, 20 mA = ~ 15.8 +/- 2.4, 40 mA = ~ 23.4 +/- 6.3, 65 mA = ~ 17.4 +/- 1.6, 77 mA = ~
72.1 +/- 1.5 and 85 mA = ~ 75 +/- 1.0 % Arc mRNA-positive cells.
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Discussion
The data shows that at lower currents (20mA, 40mA, and 65mA) there was little
transcription of Arc in the dentate gyrus. But at 77 mA and 85 mA, a large number of cells were
shown to have transcribed Arc, increasing from 2.8% of cells to 85% of cells with Arc mRNA.
Therefore between the 65mA and 77mA currents, there must have been a threshold crossing in
the dentate gyrus. A similar phenomenon is noted in the pyramidal cells where there is a sharp
increase in Arc mRNA-positive cells between 65 mA and 77 mA current intensities indicating a
threshold between these intensities. Looking ahead, we would like to see if the CA3 region
displays a similar threshold for induction as the dentate gyrus and CA1. Further, additional
currents can be used between 65mA and 77mA to more clearly understand where the threshold
lies for Arc activation and transcription. We will also investigate other regions of the brain to
understand the trends of Arc activation. Ultimately, this study will help to provide more
information about Arc’s role in synaptic plasticity that leads to learning and memory.
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Figure 1: Schematic illustration of a coronal slice of hippocampal subregions. This image
represents the specific locations of the hippocampal subregions relative to the others. The entire
length of the dentate gyrus was imaged, while only 3 images (one of proximal, medial, and
distal) of CA1 were taken on the confocal microscope.
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Figure 2: Percent of Arc mRNA-positive granule cells in the dentate gyrus over increasing
intensities of stimulation. Responses of Arc mRNA 5 minutes after electroconvulsive shock.
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Figure 3: Percent of Arc mRNA-positive CA1 pyramidal cells over increasing intensities of
stimulation. Percent of pyramidal cells responsive (i.e. cells that are Arc mRNA-positive 5
minutes after electroconvulsive shock in three different subregions of CA1 that receive
differential input from the entorhinal cortex. The proximal region receives input from the medial
entorhinal cortex (MEC), the distal region receives input from the lateral entorhinal cortex
(LEC), and the intermediate region receives a mixture of MEC and LEC.)
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Figure 4: Confocal images of the dentate gyrus following maximal electroconvulsive shock
at increasing intensities. These stitched together images reveal the pattern of activation through
the entire length of the dentate gyrus. Each of the blue dots represents the nucleus of a neuron.
The red staining represents transcribed Arc.
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85mA
Figure 5: Confocal images of the CA1 following maximal electroconvulsive shock at
increasing intensities. Confocal images taken of distal CA1, medial CA1, and proximal CA1, at
different currents. Blue dots represent the nucleus of the cell. Red staining represents Arc
mRNA.
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