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Abstract

Neural circuits in mammalian brains consist of large numbers of different cell types having
different functional properties. To better understand the separate roles of individual neuron types
in specific aspects of spatial learning and memory, we perturbed the function of principal neurons
/n vivo during maze performance or in hippocampal slices during recording of evoked excitatory
synaptic potentials. Transgenic mice expressing the Drosophila allatostatin receptor (AlstR) in
cortical and hippocampal pyramidal cells were tested on an elevated plus maze, in a Y-maze, and
in the Morris water maze. Relative to a control cohort, AlstR-positive mice treated with allatostatin
exhibited no difference in open arm dwell time on the elevated plus maze or total number of arm
entries in a Y-maze, but displayed reduced spontaneous alternation. When animals received
massed or spaced training trials in the Morris water maze, and the peptide was delivered prior to
an immediate probe, no effects on performance were observed. When the peptide was delivered
during a probe trial performed 24 h after seven days of spaced training, allatostatin delivery to
AlstR positive mice enhanced direct navigation to the escape platform. Combined, these results
suggest that cortical and hippocampal pyramidal neurons are required during spatial
decisionmaking in a novel environment and compete with other neural systems after extended
training in a long-term reference memory task. In hippocampal slices collected from AlstR
positive animals, allatostatin delivery produced frequency dependent alterations in the Schaffer
collateral fiber volley (attenuated accommodation at 100 Hz) and excitatory postsynaptic potential
(attenuated facilitation at 5 Hz). Combined, the neural and behavioral discoveries support the
involvement of short-term plasticity of Schaffer collateral axons and synapses during exploration
of a novel environment and during initial orientation to a goal in a well-learned setting.
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1. Introduction

Prior work has revealed differential involvement of the hippocampus and striatum in spatial
learning and memory tasks that require repetitive training (Dumont and Taube, 2015). In
general, the hippocampus is heavily involved early in training, when navigation is controlled
more by attentive processing of spatial landmarks, and its contribution declines as
performance becomes more procedural and reliant on the striatum (Hicks, 1964; Packard,
1999; Packard and McGaugh, 1996; Packard and White, 1991; Schmitzer-Torbert, 2007). In
well-learned dual solution tasks (that can be solved with both spatial and procedural
strategies), both the hippocampus and striatum compete for influence over behavior (Lee et
al., 2008; Packard et al., 1989) supporting complex regulation of performance that leverages
speed and flexibility (Devan et al., 1996; Hamilton et al., 2004). Some plasticity
mechanisms that potentially subserve the shift in navigation strategy use with extended
training have been identified (Hawes et al., 2015; Yin et al., 2009; Gardner et al., 2016).
However, these candidate neural mechanisms reflect population averages and say little about
the specific contributions of different types of neurons in both hippocampal and striatal
circuits. Greater understanding of how these navigation circuits enable movement to distant
goals may be gained by determining how separate components within these circuits
individually contribute to information processing and behavioral performance.

Dissection of neural circuits at a cellular level is made possible through genetically encoded
neuronal activators and deactivators (Huang and Zeng, 2013). Recent development of ligand
and light mediated voltage regulators (Bernstein and Boyden, 2011) and activity-dependent
designer receptor systems (Armbruster et al., 2007) has enabled more sophisticated analyses
of mammalian neural circuits (Lykken and Kentros, 2014). While referred to as “silencing”
systems, these different genetic-based approaches directly alter neuron membrane potential,
but do not always completely prevent action potential discharge and have advantages and
disadvantages depending on the anatomical target and scientific question. Optogenetic tools
provide cell-specific expression and temporal control over membrane potential on the order
of milliseconds. While optogenetics are powerful for investigation of the roles of specific
neuron types in circuit function and behavior, this approach also requires implantation of a
light source into the region of interest and is better suited to small, local networks (Bernstein
and Boyden, 2011). Larger circuits may be better targeted with pharmacogenetic approaches
that combine cell-specific expression of a unique receptor and systemic or ventricular
delivery of its corresponding ligand (Conklin et al., 2008). Along this line, research
employing designer receptors exclusively activated by designer drugs (DREADDs,
Armbruster et al., 2007) has probed the involvement of forebrain principle neurons in spatial
learning (Alexander et al., 2009) and contextual memory consolidation (Zhu et al., 2014)
and, when driven by an activity-dependent promoter, has provided insight into the
importance of neural ensemble reactivation for memory recall (Garner et al., 2012).

Comparable to DREADDs for large circuit analysis is expression of the Drosophila
allatostatin receptor (AlstR) and delivery of the natural ligand, allatostatin (Lechner et al.,
2002; Tan et al., 2006). AlstRs are G-protein coupled receptors that link to inward rectifying
potassium channels (GIRKS) and reduce neuronal discharge upon binding of allatostatin
(Wehr et al., 2009). Thus, AlstRs operate as non-native ligand-gated modifiers of neuronal
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function in mammalian tissues (Lechner et al., 2002; Luscher and Slesinger, 2010; Tan et al.,
2006). Cre-dependent expression of AlstRs in excitatory or inhibitory neurons in the
forebrain of mice produced opposite effects on population neuronal activation measures but
similar impairments in long-term object recognition memory (Haettig et al., 2013),
suggesting codependence of this form of memory on excitatory and inhibitory neurons.
Wehr et al. (2009) developed a line of transgenic mice that express AlstRs under
transcriptional control of the tetracycline response element (Mansuy and Bujard, 2000). Cell
type and anatomical region of expression were controlled by crossing this AlstR mouse line
with a driver line that expressed the tetracycline transactivator (tTA) in forebrain principal
neurons (Jackson Labs, Mayford et al., 1996). Delivery of allatostatin induced functional
inhibition in auditory cortex of AlstR-positive animals /n7 vivoand in acutely prepared
hippocampal slices, though no behavior experiments were performed. Additional work is
needed to show that the AlstR system is appropriate for studying large circuit involvement in
complex cognitive skills.

In order to better understand how forebrain circuits control spatial navigation, we tested
mice expressing AlstR selectively in cortical and hippocampal pyramidal neurons during
exploration of a novel maze environment or during memory retrieval after extended training.
Additionally, electrically evoked field potentials were recorded in hippocampal slices from
AlstR mice treated with allatostatin. We found that AlstR activation in cortical and
hippocampal pyramidal neurons reduced spontaneous alternation in a novel Y-maze, while
leaving behavior on the elevated plus maze unaffected, and improved the approach trajectory
during a long-term memory probe after extended training in the Morris water maze. In
hippocampal slices prepared from AlstR positive mice, action potential discharge during
high frequency stimulation was spared and synaptic facilitation during a moderate activation
rate was reduced by AlstR activation. These results support changes in short-term plasticity
of axon discharge and synaptic transmission as candidate mechanisms for behavioral
alterations in novel and well-experienced environments and demonstrate the power of AlstR
expression for dissection of brain circuits.

2. Materials and methods

2.1. Animal subjects and genotyping

TRE_AIstR and CaMKII_tTA breeders were generously provided by Kentros lab at the
University of Oregon (Wehr et al., 2009a). The specific CaMKII_tTA line (line 84,
containing the CaMKII minimal promoter, Mayford et al., 1996) was selected because it
expresses tTA heavily in hippocampal pyramidal neurons, less so in other cortical pyramidal
cells, minimally in granule cells (no expression in most animals), but not interneurons within
these regions (Fig. 1A). The AlstR colony was maintained on a 12hr light/-dark cycle in
individually-ventilated cages (Animal Care Systems) and allowed food and water ad libitum.
At P21 juveniles were weaned, tail clipped, and ear tagged. Genotypes were determined by
PCR on genomic DNA from tail biopsies and agarose electrophoresis or determined
commercially (Transnetyx). Only double-positive mice (AT) express the AlstR. All other
genotypes are controls and referred to inclusively as wild types. The Institutional Animal
Care and Use Committee of George Mason University approved the protocols used in the
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study (GMU IACUC protocol #0216), and the animals were cared for in accordance with the
National Institutes of Health Guidelines for laboratory animal use and care. All experiments
were designed to utilize the minimal number of animals required.

2.2. In situ hybridization

Animals were fully anesthetized with Isoflurane (5% vapor) and transcardially perfused with
4% paraformaldehyde. Harvested brains sat overnight in 4% paraformaldehyde (4 °C) and
were then transferred to 30% sucrose (4 °C) until each brain descended (48-72 h).
Cryopreserved brains were sectioned using a cryostat (30 um thickness), mounted directly
on magnetic microscope slides (Superfrost Plus), and allowed to dry overnight at room
temperature. Slides were stored at —80 °C prior to labeling.

Colorimetric whole mount /n situ hybridization (ISH) was performed on brain tissue
sections representative of genotype and condition and selected for quality of specimen prior
to reaction per previous research (Albani et al., 2015). Briefly, each reaction was performed
on an equal number of sections across variables. Riboprobe template DNA plasmids coding
for tTA or AlstR (generous gifts from Dr. Clifford Kentros) were purified by
phenol:chloroform extraction or spin column, digested with appropriate restriction enzymes
and used for single-stranded riboprobe generation (DIG RNA labeling kit, Roche).
Riboprobe was purified (E.Z.N.A, USA or phenol;chloroform extraction, Roche) and stored
at —80 °C until use and thawed only once or twice. For each reaction, sections first
underwent a two-hour stringency wash in hybridization buffer (H7033 PerfectHyb™ Plus,
Sigma Life Science). Riboprobe was mixed into hot (70 °C) hybridization buffer, applied to
the tissue sections at 62 °C, and allowed to incubate at 62 °C overnight. Sections were then
washed in 50% Formamide/1 X Saline Sodium Citrate (62 °C) and maleic acid buffer with
0.1% Tween 20 (MABT, room temperature) to remove unbound probe and prepare the tissue
for antibody labeling, respectively. Sections were incubated overnight at room temperature
in an alkaline-phosphatase (AP) conjugated anti-digoxygenin primary antibody (Roche
Applied Science). Following washes in MABT and AP Staining Buffer, color was developed
through incubation in NBT/BCIP (Roche Applied Science) for four hours at 37 °C. Slides
were then washed and dehydrated through sequential dips in increasing ethanol
concentration, defatted with xylenes, and coverslipped. Brightfield images were collected at
10X magnification and tiled to capture entire sagittal sections (Neurolucida,
MicroBrighfield). Tissue sections were excluded if labeling occurred outside of the
forebrain, indicating non-specificity.

2.3. Allatostatin and peptide delivery system

At two to six months of age, animals were anesthetized with a mixture of isoflurane (5%
induction, 1.5-2.5% maintenance) and O, (1 L/min), positioned in a stereotax, and
intracranially cannulated into either their right or left lateral ventricles (randomized) to allow
for peptide delivery throughout the brain. A guide cannula (26 gauge, thin-wall, stainless
steel) was inserted to a depth of 1.7 mm past the dura mater at £1.0 mm medial/lateral and
-1.0 mm rostral/caudal to bregma. Animals were allowed to recover for two weeks before
behavior testing. An injection cannula (30 gauge, stainless steel, passing 0.5 mm beyond the
end of the guide cannula) was inserted into the guide to deliver 2 pl of allatostatin (AL, 3 pg/
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ul) or vehicle (ACSF; artificial cerebrospinal fluid) to the lateral ventricle. Fluid was
administered at a rate of 0.33 ul/min and the injection cannula was left in place for three
minutes following injection. AL delivery terminated twenty minutes prior to maze testing. A
dose-response curve was not performed because the range of effectiveness for behavioral
studies in mice has been established previously (Chierzi et al., 2012; Gosgnach et al., 2006;
Haettig et al., 2013; lkrar et al., 2012; Tan et al., 2006; Wehr et al., 2009b; Zhou et al., 2009)
and the concentration at which we delivered allatostatin (roughly 3 uM) falls near the upper
end of the range (10 nM-5 uM) with higher doses potentially altering behavior in WT
animals (unpublished observations).

2.4. Elevated plus maze

2.5. Y-maze

The elevated plus maze (EPM) is an established assay for anxiety in rodents (Handley and
Mithani, 1984; Ohl et al., 2001; Walf and Frye, 2007) and used to address potential changes
in anxiety that could impact performance in spatial tasks (McHugh et al., 2004). The testing
room (3 m x 3 m) was decorated with various spatial cues on two of the four walls. The
remaining two walls contained a door or a bench and shelves. The room was illuminated by
two multiple intensity incandescent lamps set at medium intensity and positioned at opposite
corners. The maze was made of wood, painted black, and sealed with an epoxy coat (Super
Glaze, Rust-Oleum Parks). Arm length was 40 cm, arm width was 9 cm, wall height was 15
cm (around two opposing arms only), and the maze stood 70 cm above the floor. A single
animal was placed in the center of the maze and allowed to freely explore for 15 min. Total
time spent in the open arms, including when the animal occupied the center square, was used
to quantify anxiety levels. The maze surface was wiped down with 70% ethanol before the
first trial of the day and between trials.

Spontaneous alternation in a symmetrical Y-maze is a standard assay for hippocampal
integrity in rodents (Blair et al., 2013; Douglas and Raphelson, 1966; Dumas, 2004). The Y-
maze was made of wood, painted black, and sealed with an epoxy coat. Arm length was 26
cm, arm width was 10 cm, and wall height was 12 cm. The same animals used for EPM
exposure were also tested in the Y-maze in the same procedure room. Two weeks passed
between EPM and Y-maze testing and animals were exposed to the Y-maze twice with one
week between exposures. For each exposure, a single animal was placed in the center of the
maze and allowed to freely explore for 15 min. Total number of arm entries and order of arm
entries were measured. Alternation rate was calculated as the number of heterogenous triads
divided by the number of possible heterogenous triads (total arm entries — 2). The maze
surface was wiped down with 70% ethanol before the first trial of the day and between trials.

2.6. Morris water maze

The Morris Water Maze was used to assess spatial memory after extended training in a task
designed to minimize procedural performance. The maze was a large circular black plastic
pool (1.2 m diameter) filled with water made opaque by non-toxic white paint (Colorations®
Simply Washable tempera paint). A white PVVC pipe anchored to the pool bottom and a
white end cap at the top (covered by a white soft mesh screen) served as the escape platform.
The top surface of the platform stood 1 cm below the surface of the water. The MWM was

Brain Res. Author manuscript; available in PMC 2018 September 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stoneham et al.

Page 6

set up in separate rooms from the dry mazes. For the massed trial training, the room was 3 m
x 3m and was decorated on two walls with various paper and plastic shapes, while the other
two walls contained a door or an unused stainless steel trim station. For spaced trial training,
the room was 3.6 m x 5.25 m with a set of heavy curtains separating the pool from the
recording station and a ring of bed sheets hanging from the ceiling surrounding the pool.
The sides of the bed sheets facing the pool were decorated with various fabric or painted
shapes. The room was lit by dimmed and frost-panel covered fluorescent lamps pointed at
the ceiling.

The same animals used for the EPM and the Y-maze exposures were tested with the massed
trial training protocol (two weeks following Y-maze exposure). Separate cohorts of animals
were tested according to the spaced trial training protocols. Climbing trials were performed
for each animal before spatial training, which consisted of placing the animal in the water
with its front paws on the edge of the platform. This was repeated until the animal remained
on the platform. For massed training, five blocks of three trials were executed with a 15-25
min inter-block interval. For spaced training, four trials (fifteen minute inter-trial interval)
were performed daily for seven or eight days. Animals were released from one of four
pseudo-randomized, equally spaced locations around the pool (offset from the platform
location by 45°) and allowed a maximum of sixty seconds to locate the platform. If the
animal did not find the platform in sixty seconds, it was gently led to the platform with the
investigator’s index finger. Animals remained on the platform for fifteen seconds at the end
of each trial. One minute long probe trials, during which the platform was removed from the
pool, were performed either on the same day as training trials (IMM) or twenty-four hours
later (24-HR).

2.7. Hippocampal slice preparation and recording

Standard procedures were used to prepare hippocampal slices, extract parameters, and
analyze data (Dumas, 2012). Dissection and slicing (450 pm, transverse) were performed in
ice-chilled, oxygenated (95% O,, 5% CO,) artificial cerebrospinal fluid (ACSF in mM:
NaCl 124, KCI 2, MgSQy4 2, CaCl; 2, KH,PO4 1.25, NaHCO3 26, and glucose 10, pH 7.4).
Slices were immediately transferred to an interface recording chamber (Harvard Apparatus,
Holliston, MA) and perfused with oxygenated ACSF (1.5 ml/min). Slices incubated at room
temperature for 1.5-2 h prior to recording. Recordings were performed at room temperature.

The tips of a bipolar platinum-iridium stimulating electrode were placed at the slice surface
in the stratum radiatum at the CA2/CA1 border. A glass pipette filled with ACSF (1-8 MQ
tip resistance) was placed approximately 1 mm from the stimulating electrode in the CAl
stratum radiatum. Stimulus pulses (monophasic, 100 us, 150 uA) were applied at 0.05 Hz
and the recording electrode was advanced gently in 20-30 um steps to maximize the EPSP.
Baseline EPSPs were set to 1 mV, which was roughly 25-30% of the maximum EPSP
amplitude. For each experiment, 100 pulses were delivered either at 5 or 100 Hz. Signals
were amplified (100X) and band-pass filtered between one and 1000 Hz (Axo-Clamp 2B or
MultiClamp, Molecular Devices, Sunnyvale, CA) before being digitized at 10 kHz
(DigiData 1200 or 1440A Series A/D interface). Experimental protocols were executed
using ClampEx (pClamp, Molecular Devices).
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The FP amplitude was taken as the voltage value between two cursors, one placed at the
response onset and the other at its most negative deflection (Clampfit, pClamp, Molecular
Devices). The EPSP slope was calculated within an 0.8 ms window at the initial descending
phase of the response. FP and EPSP values were compared by two-way repeated-measures
ANOVAS (genotype x stimulation pulse number). All error bars (and * values in text) are
standard error of the mean.

2.8. Statistics

3. Results

Elevated plus maze and Y-maze results were compared initially by paired t-tests and
ANOVAS (2 x 2 design for all data, 1 x 3 design for the three control groups) and followed
up with unpaired t-tests after collapsing control groups that showed no difference. MWM
probe performance was analyzed off-line using Topscan software (Cleversys, Inc., Reston
VA). For each training trial in the water maze, latency to escape and path length were
measured, averaged within block for each animal and then averaged across animals for each
condition. For each probe trial, the dwell time for each quadrant and the distance between
the animal and the escape location sampled at 1 Hz (distance to platform, DtP) were
analyzed. The latter procedure, developed by Michaela Gallagher (Gallagher et al., 1993),
has been compared to other analyses and deemed superior for detecting group differences in
spatial memory ability (Kapadia et al., 2016; Pereira and Burwell, 2015). We applied this
measure to the first ten seconds of each probe trial to analyze the initial orientation to the
goal location. Additionally, to take into account the final learning level, each DtP value was
normalized by the animal’s average escape latency for the final training block preceding
each IMM probe. Repeated measures ANOVAs were applied to the escape latency curves,
DtP curves, and normalized DtP curves (DtP divided by the mean escape latency for the
final training block preceding the probe). Tukey’s post hoc was applied to specify individual
group differences and Greenhouse-Geisser correction for non-sphericity was applied where
appropriate. Contingency chi-squared tests (Condition by quadrant) were used for intergroup
comparisons of quadrant distributions, and repeated measures ANOVA was used to identify
quadrant dwell time differences for the IMM and 24-HR probes. Where there were fewer
than three levels in a group, Bonferroni’s correction was used. When data could not pass
Mauchly’s non-sphericity test, the Greenhouse-Geisser correction was applied. Baseline
electrophysiology data were initially compared by ANOVA (2 x 2 design for all data, 1 x 3
design for the three control groups) and followed up with unpaired t-tests after collapsing
control groups that showed no difference in the initial ANOVA. Whole burst timelines were
compared by repeated-measure ANOVA and defined epochs were compared across
experimental groups by paired #test.

3.1. In situ hybridization (ISH)

Colorimetric ISH is not quantitative for signal intensity per neuron and is semi-quantitative
at best for number of neurons per structure. This assay was performed to qualitatively assess
the anatomical patterns of expression for tTA and AlstR. Images of sagittal sections
hybridized with tTA and AlstR probe were analyzed to determine which forebrain structures
did or did not express tTA or AlstRs. tTA expression was consistently observed in principal
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neurons throughout the forebrain, though expression in line 84 was less dense in frontal
cortex and dorsal striatum than in previous lines (Mayford et al., 1996) (Fig. 1A). The
anatomical pattern for AlstR expressionwas also consistent across sections, but was more
limited compared to tTA (Fig. 1B). In the hippocampus, tTA expression was seen in all
areas, but only sparsely in area CA3. In contrast, AlstR expression was consistently dense in
CAL pyramidal neurons, incompletely in area CA3 (CA3a and CA3b only), and was absent
from area CA2, the dentate gyrus, and the subiculum. We also observed tTA expression in
pyramidal cells across the neocortex, including the prefrontal cortex, in the amygdala and in
medium spiny neurons throughout the striatum. AlstR expression was observed sparsely
across the neocortex, ventral striatum and dorsolateral striatum, but was not seen in the
amygdala or the dorsomedial striatum (DMS), which has been implicated in attentive spatial
navigation (Devan et al., 2011; Hawes et al., 2015).

3.2. Elevated plus maze (EPM)

3.3. Y-maze

Animals were tested on the EPM during treatment with allatostatin or vehicle. While not
quantified, there were no overt differences in walking, rearing, or grooming behaviors across
groups during the holding period between intracranial infusion and maze exposure. Mean
open arm time was not different across control conditions (AT-ACSF, wild type-ACSF, wild
type-allatostatin) [F(2, 5) = 1.281, p = 0.355], so these groups were collapsed into a single
control group (CON, n = 56) and compared to AT positive mice that received allatostatin
(ATD, n = 22). Mean open arm dwell time did not differ between ATD and CON mice
[unpaired #test: t(19) = 0.414, p = 0.684] (Fig. 2A) suggesting no effect of AlstR activation
on basic anxiety levels. However, this single measure should be confirmed by additional
tests.

Two weeks following EPM exposure, the same animals were allowed to explore a
symmetrical Y-maze. No differences in arm entries [F(2, 13) = 1.760, p = 0.204] or
alternation rate [F(2, 13) = 0.119, p = 0.948] were seen between control conditions (AT-
ACSF, WT-ACSF, WT-AL), so these groups were collapsed into a single control group
(CON, n=17; ATD, n = 6). A two-way ANOVA comparing arm entries scores revealed no
difference between CON and ATD [F(1, 21) = 0.077, p = 0.783]. However, alternation rate
for the ATD group was significantly reduced compared to CON animals [F(1, 21) = 10.879 p
< 0.005] (Fig. 2B). Combined with the results from the EPM, these findings support a
selective impact of AlstR activation on spatial navigation in a novel environment.

3.4. Morris water maze

3.4.1. Massed training—The same animals exposed to the EPM and Y-maze were tested
in the MWM under massed training conditions in a novel testing room. Briefly, animals
were trained for 5 blocks (3 trials per block), infused with allatostatin or vehicle, and then
tested on an IMM probe after the fifth block. No differences in escape latencies were
observed between control conditions during training [F(2, 37 = 0.264, p = 0.769], so these
conditions were combined (CON, n = 40; ATD, n = 14). There was no effect of training
block [RM ANOVA F(4, 208) = 1.005, p = 0.403] or experimental condition [CON versus
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ATD, F(1,52) =1.786, p = 0.187] on escape latency (Fig. 3A), supporting similar
performance levels prior to AlstR activation.

For the IMM probe, there were no differences in swim speeds [F (2, 23) =0.777, p = 0.472],
DtP [F(2, 23) =0.761, p = 0.479] or normalized DtP (DtP values divided by the mean escape
latency for the final training block preceding the probe) across the first 10 s [F(2, 23) =
0.160, p = 0.853], or in platform crossings [F(2, 31) = 1.814, p = 0.180] across the control
groups (WT-AL, WT-ACSF, AT-ACSF). Likewise, a repeated measures ANOVA for time
spent per quadrant showed no effect of the control conditions [RM ANOVA F(4.840,
147.619) = 1.750, p = 0.129] and a 3 x 4 contingency chi square test also revealed no
difference across control groups [(X2 (6) = 7.505, p = 0.224]. Therefore, these three groups
were collapsed into a single control group (CON).

As expected, given the similar poor performance during training, there was no difference in
number of platform crossings between ATD and CON animals during the IMM probe [F(1,
47) = 0.025, p = 0.875) (Fig. 3B). A contingency Chi Square comparing ATD and CON
animals was not significant (X2 (3) = 3.084, p = 0.387), nor was a repeated measures
ANOVA for time spent per quadrant [RM ANOVA F(2.583, 211.833) = 0.760, p = 0.500]
(Fig. 3C, D). As well, across the first 10 s of the IMM probe, there was no effect of sample
time RM ANOVA F(2.972, 107.006) = 0.595, p = 0.618) or experimental condition on DtP
[F(1, 36) = 1.133, p = 0.294] (Fig. 3E). Combined, these data indicate minimal spatial
learning in mice when training trials are massed (Commins et al., 2003), and no effects of
AlstR activation on immediate probe performance (enhancing or impairing).

3.4.2. Spaced training: Eight training days with IMM probes on Day 5 and Day
8—Separate cohorts of animals were used for each spaced trial MWM experiment. For the
first spaced training experiment, 4 trials per day were performed for a total of 8 consecutive
days with peptide or vehicle delivery preceding an IMM probe on Day 5 and Day 8. No
performance differences in escape latency were observed between control groups [F(2, 16 =
1.615, p = 0.230], so they were collapsed and into a single control group (CON, n = 38;
ATD, n = 14). Escape latencies declined significantly across training days 1-5 [RM ANOVA
F(4, 200) = 36.145, p < 0.001] and 6-8 [RM ANOVA F(2, 100) = 7.815, p < 0.005], but no
differences in escape latency were observed between control conditions across training days
1-5[F(2,35=1.118, p = 0.338] or 6-8 [F(2, 37) = 1.584, p = 0.219] (Fig. 4A).

For the Day 5 and the Day 8 probes, no differences across control groups were found for
swim speed [Day 5: F(2, 35) = 0.769, p = 0.471; Day 8: F(2, 32) = 0.575, p = 0.568],
platform crossings [Day 5: F(2, 35) = 1.469, p = 0.244; Day 8: F(2, 32) = 1.423, p = 0.256],
time spent per quadrant [Day 5: RM ANOVA F(4.294, 75.141) = 0.500, p = 0.749; Day 8:
RM ANOVA F(4.106, 67.744) = 1.339, p = 0.264], quadrant bias [Day 5: XZ (6) =5.834,p=
0.442; Day 8: (X2 (6) = 10.595, p = 0.095] and raw [Day 5: RM ANOVA F(7.753, 135.683)
=0.482, p = 0.863; Day 8: RM ANOVA F (8.091, 129.463) = 1.779, p = 0.086] or
normalized DtP across the first ten seconds [Day 5: RM ANOVA F(7.774, 136.039) = 0.446,
p = 0.887; Day 8: RM ANOVA F(8.077, 129.225) = 1.716, p = 0.100]. Given the lack of
differences across five separate analyses, these control subgroups were combined into a
single CON group. Neither average swim speed [Day 5: F(1, 50) = 0.054, p = 0.818; Day 8:
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F(1, 43) = 0.232 p = 0.632] nor the number of platform crossings were different between
ATD and CON [Day 5: CON, n = 38; ATD, n = 14; t(50) = -0.082, p = 0.935]; Day 8: CON,
n =40; ATD, n = 12; t(46) = -0.274, p = 0.785] (Fig. 4B). Likewise, dwell time per quadrant
was not different between CON and ATD on either day [Day 5: RM ANOVA F(2.168,
108.387) = 0.901, p = 0.416; Day 8: RM ANOVA F(2.121, 97.554) = 0.525, p = 0.604], with
both groups spending more time in the goal quadrant than any other on Day 5 [CON: F(3,
148) = 10.369, p < 0.001, Tukey post hoc p < 0.001; ATD: F(3, 52) = 8.655, p < 0.001,
Tukey Post hoc p < 0.001] although only CON spent most of the time in the goal quadrant
on Day 8 [CON: F(3, 140) = 27.316, p < 0.001, Tukey post hoc p < 0.001]. A modified
ANOVA revealed no difference in goal bias between CON and ATD groups on Day 5 [F(3,
200) = 1.202, p = 0.310] or Day 8 [F(3, 184) = 0.924, p = 0.430]. Both the CON [F (3, 148)
=10.369, p = 0.000] and ATD groups showed a goal bias on Day 5 [F(3, 52) = 8.655, p =
0.000]. Only CON animals showed a goal bias on Day 8 [F(3, 140) = 27.316, p = 0.000]
(Fig. 4C, D). Neither DtP, nor normalized DtP were different between CON and ATD
animals over the first ten seconds of the probe on Day 5 [DtP: F (3.875, 193.771) = 0.590, p
= 0.665; Normalized DtP: F(3.868, 193.387) = 0.583, p = 0.670] or Day 8 [DtP: F(3.829,
164.632) = 0.444, p = 0.768; Normalized DtP: F(3.824, 164.426) = 0.435 p = 0.775] (Fig.
4E, F). Therefore, when the probe trial was delivered on the same day as training trials, there
was minimal effect of AlstR activation on performance.

3.4.3. Spaced Training: Seven training days with a 24-HR probe on Day 8—
Spaced training took place over a total of 7 days, with peptide or vehicle delivery preceding
a 24HR probe on Day 8. No performance differences in escape latency were observed
between control conditions during training [F(2, 16 = 1.615, p = 0.230], so they were
collapsed and into a single control group (CON, n = 18; ATD, n = 9). Escape latencies
decreased across training days [RM ANOVA F(3.354, 87.208) = 19.749, p < 0.001], but
there was no difference between ATD and CON groups (Fig. 5A).

For the Day 8 probe trial, no differences across control groups were found for platform
crossings, time spent per quadrant, quadrant bias, and raw or normalized DtP across the first
ten seconds. Therefore, these control subgroups were combined into a single CON group.
Average swim speed [F(1,43) = 0.232, p = 0.632], he number of platform crossings [t(26) =
0.708, p = 0.485] (Fig. 5B), time spent in the goal quadrant [RM ANOVA, F(1.752, 45.806]
=1.786, p = 0.183) (Fig. 5C), and goal quadrant biases [X2 (2) =0.616, p < 0.735] (Fig.
5D), were not different between ATD and CON groups. Analysis of initial trajectory (first
ten seconds of the DtP curves) showed no main effects of sample time [RM ANOVA,
F(1.762, 45.806) = 1.786. p = 0.183] or experimental group [F(1, 26) = 0.273, p = 0.606]
(Fig. 5E). However, when normalized by the mean escape latency for the final training
block, DtP values were reduced for ATD versus the CON animals [F(1,26) = 6.166, p <
0.05] (Fig. 5F). Note that the first data point reflects distance moved from the starting point
(which was identical for both groups), showing more direct initial movement to the goal for
the ATD animals. These data indicate better spatial memory performance in the ATD
animals and support an inhibitory involvement of some forebrain pyramidal cells in spatial
orientation toward a goal in well-trained animals, possibly due to competition between the
hippocampus and the DMS (Packard et al., 1989; Lee et al., 2008).
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3.5. Electrophysiological recording in hippocampal slices from AlstR and control animals

Electrically-evoked field potentials were recorded in the stratum radiatum of area CAl to
examine the impact of AlstR activation on axon discharge and synaptic transmission (Fig.
6A). Stimulation intensity was adjusted to evoke a 2 mV EPSP amplitude and did not differ
across groups [CON, 75.7 uA; ATD, 95.2 yA; t(29) = 0.80, p = 0.43]. Other measures of
baseline synaptic transmission, including FP amplitude and EPSP slope, also revealed no
group differences [FP amplitude: t(29) = 0.10, p = 0.92; EPSP slope: t(29) = 0.94, p = 0.35]
(Fig. 6B). The FP amplitude varied across pulse number at 5 Hz (CON, n = 18; ATD, n =
12) [RM ANOVA: F(1.785, 42.851) = 39.952, p < 0.001] and 100 Hz stimulation (CON, n =
13; ATD, n=7) [RM ANOVA: F(1.785, 2352) = 39.852, p < 0.001] (Fig. 6C). There was no
effect of genotype on the FP amplitude at 5 Hz. However, at 100 Hz, early in the burst
(pulses 2-4), the FP declined more rapidly for CON slices compared to ATD slices
[ANOVA: F(1,54) = 5.911, p = 0.018]. Later in the burst (pulses 7-57), the FP was reduced
in ATD compared to CON slices [ANOVA: F(1918) = 14.177, p = 0.0001]. Similar to the FP
amplitude, the EPSP slope varied across pulse number at 5 Hz [F(1.921, 42.261) = 40.436, p
< 0.001] and 100 Hz [RM ANOVA: F(1.921, 2156) = 40.436, p < 0.001] (Fig. 6D).
Facilitation of the EPSP slope (pulse 2-10) was reduced for the ATD group compared to
CON animals [ANOVA: F(1, 190) = 18.352, p < 0.001]. There was no genotype effect on
the EPSP slope at 100 Hz (Fig. 6C). (Fig. 6D). Together, these results support frequency-
dependent impacts of AlstR activation on action potential discharge and synaptic
transmission.

4. Discussion

We have shown that expression and activation of AlstRs in forebrain principal neurons
reduced spontaneous alternation in a novel environment and enhanced the initial approach of
well-trained animals to an escape platform during a long-term memory test. The
observations that 1) there was no effect of AlstR on behavioral activity levels in the Y-maze
or swim speed in the MWM, 2) no performance differences on the elevated plus maze and,
3) opposite impacts of AlstR in novel and well-learned spatial environments, support a
primary effect in learning and memory circuits and argue against secondary effects in
structures regulating sensory processing, motor ability, or anxiety (though this final
conclusion is based on a single measure and will require further investigation). Additionally,
the lack of an effect during an immediate probe supports an impact restricted to long-term
memory. This rationale is matched by the results from /n situ hybridization showing the
highest rate of AlstR transformation of CA1 pyramidal neurons in the hippocampus.
However, expression was also notable in area CA3, the neocortex, and ventral striatum,
which cannot be dismissed with respect to interpretation of behavioral results.

Spontaneous alternation has been used as an index for hippocampal integrity since the 1970s
(Douglas et al., 1973; Dumas, 2004; Blair et al., 2013). The reduction in spontaneous
alternation was not surprising given decades of lesion studies showing the negative impact of
hippocampal, septal, and entorhinal cortical lesions on spontaneous alternation (Kirkby et
al., 1967; Kimble, 1978; Deacon et al., 2002; Krebs and Parent, 2005; Naert et al., 2013) and
more contemporary activity marker studies implicating the hippocampus in spatial learning
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in novel environments (Guzowski et al., 2001, 2000). Since AlstR was expressed in area
CAL pyramidal cells, only partially in CA3, and not in the dentate gyrus, area CA2, or the
subiculum, the current findings support a need for CA1 or proximal CA3 pyramidal neuron
activity to execute spontaneous alternation. However, this interpretation is confounded by
cortical expression when these AlstR mice are crossed with mice expressing tTA under
transcriptional control of the minimal CaMKII promoter. A driver line with greater
anatomical specificity should be used in future replication experiments. Given recent studies
in which AlstR was expressed either in excitatory or inhibitory neurons and a similar
behavioral result was obtained (impaired long-term memory for object lodation, Haettig et
al., 2013), one might expect that a reduction in spontaneous alternation might also be
observed following AlstR activation in interneurons in area CA3 or area CA1. However, it is
also plausible that interneurons are not required for spatial encoding during free exploration,
but only when a delay is imposed between arm selections (Rossi et al., 2012) or when the
task is goal directed (Pinto and Dan, 2015). Greater behavioral evaluation after manipulation
of interneurons is warranted.

The lack of effect of AlstR activation on most measures taken from MWM probe trials
highlights the strength of this system in defining the behavioral consequences of cell-
specific alterations in activity. Unlike the sledgehammer pharmacological and mechanical
inactivation methods of the past that affected all cells and fibers of passage, the current
pharmacogenetic system produces more subtle cognitive disturbances and revealed that the
forebrain principle neurons that were perturbed were not necessary for navigating to a
known goal location when the memory test occurred on the same day as training. The
increase in the directness of approach to the MWM escape location during the 24-hour probe
during AlstR activation was intriguing. Since this increase was seen only when the memory
was tested twenty-four hours after the most recent training block and not on the same day as
training, the effect appears specific to long-term memory. However, it is also possible that
the selective impact on long-term versus more immediate memory was a function of the
number of pyramidal neurons expressing AlstR, with incomplete transformation of CAl
allowing for sufficient normal network activity to support stronger memories. If all CA1
pyramidal cells expressed AlstR, performance in the immediate probe might have also been
affected. Human and non-human primate studies reveal a decrementing role for the
hippocampus in the retrieval of remotely stored memories (Broadbent et al., 2010; Martin
and Clark, 2007; Squire et al., 2001), (Martin and Clark, 2007; Squire et al., 2001) while
rodent studies report amnesia that is temporally ungraded (Bolhuis et al., 1994; Mumby et
al., 1999; Sutherland et al., 2001). The current results support the idea that the hippocampus
plays less of a role in more immediate memory recall after extended training (no AlstR
effect on IMM probes) but remains involved in long-term spatial memory retrieval
(improved performance in AlstR mice on 24-hour probe), though its contribution appears to
negatively impact performance in well-learned spatial reference memory tasks.

In dual-solution spatial and cued learning tasks, during the acquisition phase, hippocampal
lesions disrupted spatial learning, but enhanced cued learning (Lee et al., 2008). In the
current study;, if the hippocampus alone was guiding spatial memory, one might expect a
behavioral deficit during AlstR activation. The outcome is a reminder that the hippocampus
is part of a larger network guiding the use of spatial context for navigation (Ekstrom et al.,
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2014) and suggests that even after extended training in a task designed to minimize
procedural navigation learning (random start locations), structures in addition to the
hippocampus support goal-directed navigation (Packard et al., 1989; Lee et al., 2008). One
primary structure is the DMS, which has been shown to be involved in the learning (Devan
etal., 1996; Fouquet et al., 2013; Lee et al., 2014; Hawes et al., 2015) and memory phases of
spatial water maze tasks (Lozano et al., 2013). We observed no AlstR expression in the
DMS. Since there was no effect of AlstR activation on IMM probe performance and an
improvement in the 24-hour probe, it is possible that, after seven days of training, the DMS
or another structure outside of the hippocampus (not expressing AlstRs) is able to support
memory-based spatial navigation for at least a day after training. Although AlstR expression
was observed in multiple forebrain structures and effects in these additional regions cannot
be ruled out, the current findings match well with the hippocampus-striatum competition
hypothesis.

When applied to hippocampal slices from AlstR-positive animals, allatostatin attenuated the
early reduction in the FP amplitude that occurred during high frequency stimulation and
reduced synaptic facilitation at moderate stimulation frequency. The observation that later in
the 100 Hz burst, the FP decayed more in the ATD animals is less interesting because, rarely
if ever /n vivo, do hippocampal pyramidal neurons discharge at 100 Hz for more than a
handful of APs in healthy awake behaving animals (Paulsen and Sejnowski, 2000). One
potential mediating mechanism for the effect on the FP would be the ability of AlstR-gated
potassium channels to maintain a hyperpolarized membrane potential in the face of an
activity level that would normally induce depolarization-dependent inactivation of sodium
channels. With respect to the EPSP facilitation at 5 Hz, it may be that GIRK activation after
the first stimulus reduces dendritic integration by acting as a frequency-dependent excitation
shunt. This band-rejection filter would act to favor synaptic integration at higher or lower
frequencies, as partially evidenced by a lack of AlstR effect on baseline synaptic
transmission or at 100 Hz. No impact of AlstR activation on baseline synaptic transmission
is in agreement with prior reports of effects on action potentials recorded in the auditory
cortex /n vivo where discharge suppression occurred during but not prior to an auditory
stimulus (Wehr et al., 2009). Thus, it may be that observed behavioral effects of AlstR
activation are a result of alterations to axon function selectively during high frequency
activation or synaptic facilitation during more moderate activity levels or both.

These electrophysiology findings also highlight the fact that optogenetic and chemogenetic
“silencing” systems do more than eliminate action potentials. In the same mouse line as used
in the current study (Wehr et al., 2009), depolarization-induced action potential discharge
recorded in hippocampal pyramidal cells in acutely prepared slices was reduced by AlstR
activation, but not completely abolished. Likewise, the /in7 vivo recordings in neocortex in
that study did not show complete silencing in the local network where allatostatin was
delivered. One might predict a somewhat different outcome in the current study if the AlstR-
transformed neurons were completely silenced. Furthermore, GIRK channels can alter
membrane potential separate from action potential discharge (Kim and Johnston, 2015;
Barber et al., 2016) and change the shape of the action potential (Isomoto et al., 1997; Stern
et al., 2015), which can then secondarily modify synaptic transmission. Our results highlight
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the need apply caution when using the term “silencing” and to consider these additional
effects when employing genetic-based systems that alter neuronal physiology.

We have shown that the AlstR can be used as an effective method for cell-specific
modifications in neuronal physiology during behavior testing and may be more appropriate
than optogenetics for larger structures like the hippocampus due to the size of this structure
relative to the light penetrance distance limit for optogenetic systems (Luo et al., 2008).
While there are fewer reports on AlstR application in the mammalian CNS, AlstR offers
many comparable features of the DREADD system in that cell specificity and expression
levels can be regulated by the same transcription tools, the same type of potassium channels
(GIRK) is exploited, and large circuits can be targeted. AlstR may hold an advantage over
DREADD:s in that, while a specific ligand/receptor system is introduced by DREADD
expression, a native muscarinic receptor, is also substantially impacted by the DREADD
ligand clozapine-N-oxide (CNO), introducing a functional confound (Armbruster et al.,
2007). Similarly, it was recently shown that CNO is rapidly metabolized into, clozapine and
N-desmethylclozapine (NDMC), atypical antipsychotics that act on numerous endogenous
neurotransmitter receptors. Finally, when delivered systemically to Rhesus monkeys, CNO
was largely restricted from CNS entry at the blood-brain barrier, drawing into question prior
reports of DREADD effects on cognitive abilities after systemic CNO delivery (Raper et al.,
2017). Moreover, the AlstR system may provide better temporal control over neural activity
than DREADDs, in both latency to onset and return to baseline, as explained Alexander and
colleagues in their study of DREADD effects on principle neuron physiology in transgenic
mice (2009). Our study helps pave the way for future investigations of the neural bases of
learning and memory at the cellular level and in more selective brain regions with genetic-
based systems that alter neuronal physiology driven by highly anatomically specific
transcription drivers.
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ACh acetylcholine
ACSF artificial cerebrospinal fluid
AlstR allatostatin receptor

Amyg amygdala
ANOVA analysis of variance
ATD double-positive mouse receiving drug

BCIP 5-bromo-4-chloro-3’-indolyphosphate
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CaMKIlI calmodulin activated protein kinase Il
CON combined control groups

DIG digoxygenin

DMS dorsomedial striatum

DREADD designer receptor exclusively activated by designer drug

DtP distance to platform

EPM elevated plus maze

EPSP excitatory postsynaptic potential

FP fiber potential

GIRK G-protein linked inward rectifying potassium channel
GMU George Mason University

IACUC institutional animal care and use committee

IMM immediate probe trial

ISH in situhybridization

MABT maleic acid buffer with Tween

MWM Morris water maze

NBT nitro blue tetrazolium

PCR polymerase chain reaction
PFC prefrontal cortex

PVC polyvinyl chloride

RM repeated measures

TRE tetracycline response element
tTA tetracycline transactivator
24HP 24-hour probe trial
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AlstR probe

Fig. 1.
Images of colorimetric ISH for tTA and AlstR. A) Complete sagittal images and selected

regions from +/+ AlstR mouse brain sections reacted with a tTA probe. B) Complete sagittal
images and selected regions from +/+ AlstR mouse brain sections reacted with an AlstR
probe. Numbers in top panels indicate distance from midline in mm. Hipp, hippocampus;
DMS, dorsomedial striatum; PFC prefrontal cortex; Amyg, amygdala. All images were
collected at 10X magnification and tiled (Neurolucida, MBF Bioscience) where necessary.
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Fig. 2.
Open arm dwell time in the EPM was not affected but spontaneous alternation in a

symmetrical Y maze was reduced during silencing of forebrain pyramidal neurons. A) ATD
(+/+ receiving allatostatin) and CON animals (all control groups collapsed) spent similar
amounts of time in the open arms of the EPM (CON, n = 56; ATD, n = 22). B) Total number
of arm entries did not differ across experimental groups (CON, n =17; ATD, n =6). C)
Alternation rate in the Y maze was reduced in ATD animals compared to CON animals. **p
< 0.005.

Brain Res. Author manuscript; available in PMC 2018 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Stoneham et al.

Page 22

>

Il CON

60 @ CON =
- ATD

50 (OATD

40 ® :
30 ¥ %
20
10

0

g

Seconds
®
®
®
O Platform Crossings m
o =
© & o v o

1 2 3 4 5
Training Block

25, CON ATD 40, CON ATD
20
15
10

(@)

Quadrant Dwell
(sec)

Quadrant Bias
(%)
o o 3
7
ol

AGAO |

m

-
>
(0]
>

700, i

Distance to Platform
Center (cm)
'S
o
Z{

5 10 15 20 25 30
Seconds

Fig. 3.

Si?encing of forebrain pyramidal neurons did not affect spatial learning during massed
training. A) Escape latencies during training did not differ between CON and ATD animals
(CON, n =40; ATD, n = 14). B) Number of platform crossings during the IMM probe did
not differ between CON and ATD animals; C) Plot of quadrant dwell times during the IMM
probe shows that neither CON nor ATD animals spent more time in any given quadrant. G =
goal, O = opposite, A = adjacent. D) Plot of quadrant biases (percentage of animals spending
most of their time in a given quadrant) during the IMM probe shows that neither CON nor
ATD animals exhibited a quadrant bias. E) DtP measured across 10 or 30 s of the IMM
probe did not differ between CON and ATD animals. The black circle on the Y-axis
indicates the platform edge. The open circle marks starting location for all animals (710
mm).
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Fig. 4.

Si?encing of forebrain pyramidal neurons did not affect spatial learning during 8 days of
spaced training. A) Escape latencies during training did not differ between CON and ATD
animals on Day 5 (CON, n = 38; ATD, n = 14), or Day 8 (CON, n =40; ATD, n = 12). B)
Number of platform crossings during the IMM probe did not differ between CON and ATD
animals for Day 5 or Day 8. C) ATD and CON animals in the amount of time animals spent
in each quadrant during the IMM probe on Day 5 or Day 8. Both groups spent more time in
the goal quadrant than any other quadrant (Chi Square tests); “p < 0.05, *"p < 0.005, ™"p <
0.001. However, only CON animals spent more time in the goal quadrant than any other on
Day 8; “*"p < 0.001. D) Both CON and ATD animals showed a bias for the goal quadrant
during the IMM probe on Day 5 (CON, n = 38; ATD, n = 14), but only CON showed a
preference on Day 8 (CON, n = 37; ATD, n = 11) "p < 0.05, ™p < 0.005. E) DtP measured
across 10 s of the IMM probe on Day 5 or Day 8 did not differ between CON and ATD
animals. The black circle on the Y-axis indicates the platform edge. The open circle marks
starting location for all animals (710 mm). F) There was no difference between CON and
ATD animals for DtP on the IMM probe on either Day 5 or Day 8.

Brain Res. Author manuscript; available in PMC 2018 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Stoneham et al.

Page 24

>
w

50 econ @ 6.0, M CON
45 oam g4 CIATD
go < 5. :
n 35 ]
2% 5 2 4.0
g 25 | S 3.0
o 20 Q
»n 15 * 4 g 9 ¢ S 2.0
10 ¢« g %10
5' ® E
0 | 0
1 EAN 6 7
rainin a)
c v D
35, CON ATD » 90, © CON ' " ATD
] < 80
20 30 0 70
g9 25 2~ 60
5= 20 G X 50
— ] == 40
89 15 ]
52 10 . S 30
oa 3 20 —
51 ’ ‘ c 10
05 o
GAO AGADO AGAO AGAO
E F
)
£ Eg
o o3
s = s ©
8 E &
oo ag
0O - ) o 0 ®
=] 2 (X 1 LIS - O
v e QO »
S5 et 88
(= o [ —p
© © =
- - O
(2] - N = -
= 5 10_15 20 25 307 S 5 10 15 20 25 30
p<0.05 Seconds o Seconds
**p < 0.005
***p <0.001

Fig. 5.

Si?encing of forebrain pyramidal neurons improved the initial orientation to the goal location
during a 24-HR probe. A) Escape latencies during training did not differ between CON and
ATD animals (CON, n = 18; ATD, n = 9). B) Number of platform crossings during the 24-
HR probe did not differ between CON and ATD animals during the 24HP probe. C) Both
CON and ATD animals showed a preference for the goal quadrant during the 24HP™*p <
0.005 E) DtP measured across 10 s of the 24HP did not differ between CON and ATD
animals. The black circle on the Y-axis indicates the platform edge. The open circle marks
starting location for all animals (710 mm). F) The first 10 s of the normalized DtP 24HP was
reduced for the ATD animals compared to the CON animals [F(1,26) = 6.166, p < 0.05]; * =
p <0.05.
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Fig. 6.
AlstR activation in hippocampal slices did not alter baseline synaptic transmission but

attenuated synaptic facilitation at 5 Hz and AP accommodation at 100 Hz stimulation. One
hundred stimulus pulses were applied at 5 (CON, n = 18; ATD, n = 8) or 100 Hz (CON, n =
13; ATD, n = 7). A) Waveforms show all responses across a 100 Hz burst (top, 1 s) or only
the first four responses (bottom, 40 ms) for ATD and CON animals. B) Analyses of
responses to the first stimulus pulse for all 5 and 100 Hz burst experiments revealed no
difference in the mean FP amplitude or mV EPSP slope (CON, n = 18; ATD, n = 12). C)
Mean FP amplitude plotted against stimulus number did not differ between groups at 5 Hz
stimulation. At 100 Hz, the FP amplitude decreased more during early stimulus pulses (pulse
2-4) for CON slices compared to ATD slices, but decreased more later in the burst (pulses
7-57) for ATD compared to CON slices. * = p < 0.05; *** = p < 0.0001. D) Mean EPSP
slope plotted against stimulus number did not differ between groups at 100 Hz stimulation.
Synaptic facilitation was reduced in ATD compared to CON animals at 5 Hz. ** = p <
0.001.
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