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Abstract

The medial entorhinal cortex layer 11 (MECayer) is a brain region critical for spatial navigation
and memory, and it also demonstrates a number of changes in patients with, and animal models of,
temporal lobe epilepsy (TLE). Prior studies of GABAergic microcircuitry in MEC,yery) revealed
that cholecystokinin-containing basket cells (CCKBCs) select their targets on the basis of the long-
range projection pattern of the postsynaptic principal cell. Specifically, CCKBCs largely avoid
reelin-containing principal cells that form the perforant path to the ipsilateral dentate gyrus and
preferentially innervate non-perforant path forming calbindin-containing principal cells. We
investigated whether parvalbumin containing basket cells (PVBCs), the other major perisomatic
targeting GABAergic cell population, demonstrate similar postsynaptic target selectivity as well.
In addition, we tested the hypothesis that the functional or anatomic arrangement of circuit
selectivity is disrupted in MECjqayery) in chronic TLE, using the repeated low-dose kainate model in
rats.

In control animals, we found that PVBCs innervated both principal cell populations, but also had
significant selectivity for calbindin-containing principal cells in MECayer. However, the
magnitude of this preference was smaller than for CCKBCs. In addition, axonal tracing and paired
recordings showed that individual PVBCs were capable of contacting both calbindin and reelin-
containing principal cells.

In chronically epileptic animals, we found that the intrinsic properties of the two principal cell
populations, the GABAergic perisomatic bouton numbers, and selectivity of the CCKBCs and
PVBCs remained remarkably constant in MECayerj). However, miniature IPSC frequency was
decreased in epilepsy, and paired recordings revealed the presence of direct excitatory connections
between principal cells in the MECjqayer in epilepsy, which is unusual in normal adult MEC|ayery)-
Taken together, these findings advance our knowledge about the organization of perisomatic
inhibition both in control and in epileptic animals.
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Introduction

Medial Entorhinal Cortical Layer Il Microcircuits and Projections

Layer 11 of the medial entorhinal cortex (MECayery)) is an important part of a distributed
network for spatial navigation and memory processing (Deng, 2009; Hafting et al., 2005;
Mizuseki et al., 2009; Solstad et al., 2008) and gives rise to the perforant path, which
terminates in the molecular layer of the dentate gyrus (Steward, 1976; van Strien et al.,
2009). Two distinct populations of principal cells coexist in MECayery), distinguishable on
the basis of their immunoreactivity to either reelin (Chin et al., 2007; Ramos-Moreno et al.,
2006) or calbindin (Fujimaru and Kosaka, 1996; Varga et al., 2010). Previously, using
retrograde tracers, it was shown that reelin-containing principal cells (reelin*) projected to
the ipsilateral dentate gyrus via the perforant path while calbindin-containing principal cells
(calb*) were found to project to other, non-dentate brain regions (including, but likely not
limited to, the contralateral entorhinal cortex) (Kitamura et al., 2014; Kohara et al., 2014;
Ramos-Moreno et al., 2006; Ray et al., 2014; Rowland et al., 2013; Steward and Scoville,
1976; van Strien et al., 2009; Varga et al., 2010). This unique separation by immunolabeling
enables the identification of principal cells in MECayer; With distinct projection patterns
using immunohistochemical markers (Ray et al., 2014; Varga et al., 2010).

In addition to different projection patterns, these two principal cell types were found to
differentially receive input from the cholecystokinin positive basket cells (CCKBCs) (Varga
et al., 2010). Perisomatically-targeting GABAergic basket cells innervating the somata of
principal cells are separable into two distinct classes: parvalbumin containing (PV) and
cholecystokinin containing (CCK), which have different intrinsic properties, sensitivities to
neuromodulators, and network roles in both neocortical and hippocampal networks
(Armstrong and Soltesz, 2012; Freund and Katona, 2007). In MECjayerij, CCKBCs were
found to preferentially innervate primarily the non-perforant path forming calb* principal
cells, while avoiding the perforant path forming reelin* principal cells. Thus, at least certain
GABAergic interneurons appeared to be capable of selecting their targets on the basis of
long-range projection pattern of principal cells within a single anatomical layer (Varga et al.,
2010). At the same time, PV immunolabeling is known to be strong around principal cells in
MEC ayerii (Wouterlood et al., 1995), and PV immunohisochemistry demonstrated
perisomatic contacts around both principal cell populations (Varga et al., 2010). These
abundant connections of PV basket cells (PVBCs) with MECjayeri principal cells have been
suggested to be important in the formation of grid representations (Couey et al., 2013), and
if PVBCs appear to innervate both calb* and reelin* populations, it is possible that they exert
more influence over the perforant path projection than CCKBCs. The selectivity of
heterogeneous GABAergic populations for principal cell subpopulations has been a subject
of intense recent interest in other brain regions as well (Lee et al., 2014a; Lee et al., 2014c;
for review, see Krook-Magnuson et al., 2012). Interestingly, while CCKBCs in MECayer|
demonstrate a strong preference for calb* principal cells, they do not appear to be selective
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for subpopulations of pyramidal cells defined on the basis of their superficial versus dorsal
position within the pyramidal cell layer in the CA1. In contrast, PVBCs in the CA1 provide
inhibition preferentially to deep as compared to superficial pyramidal cells, and even within
the deep layer, PVBCs are selective with respect to the long-range targets of the pyramidal
cells (Lee et al., 2014c). Therefore, in this study we aimed to determine the degree of
selectivity that PVBCs in MECjqayeri) may have with respect to the projection pattern of the
postsynaptic target (Fig 1).

Entorhinal Cortex in Epilepsy

There is substantial evidence both from temporal lobe epilepsy (TLE) patients and animal
models indicating that the MEC is functionally involved in the development or maintenance
of TLE (Bartolomei et al., 2005; Bear et al., 1996; Bragin et al., 2009; Fountain et al., 1998;
Gloveli et al., 1998; Heinemann et al., 1993; Jutila et al., 2001; Kobayashi et al., 2003; Pare
et al., 1992; Scharfman et al., 1998; Walther et al., 1986). For example, in patients with TLE,
spontaneous seizures have been recorded in the entorhinal cortex (Bartolomei et al., 2005;
Spencer and Spencer, 1994), and the entorhinal cortex is often smaller in TLE patients
(Bernasconi et al., 1999; Jutila et al., 2001). Previous work has demonstrated a decrease in
overall gephyrin-labeled punctae (representing inhibitory synapses) throughout the MEC,
decreased frequency of spontaneous inhibitory activity in principal cells of the MEC of
epileptic animals, and changes in intrinsic properties of principal cells in the region,
suggesting a possible role of the MEC in the pathophysiology of TLE in animal models
(Hargus et al., 2011; Hargus et al., 2013; Kobayashi et al., 2003; Kumar and Buckmaster,
2006; Kumar et al., 2007). There is also a preferential loss of Layer 11 pyramidal cells in
human patients and animal models (Clifford et al., 1987; Du et al., 1995; Ribak et al., 1998;
Schwob et al., 1980; Yilmazer-Hanke et al., 2000), including in the repeated low-dose
kainate model (Hellier and Dudek, 2005; Hellier et al., 1998), which we used for these
studies.

Because enhanced understanding of the microcircuitry of brain regions can inform the
interpretation of changes in epilepsy, in addition to studying PVBC selectivity in juvenile
control animals, we also investigated the intrinsic properties and perisomatic inhibitory
connectivity of the MECayer in older, chronically epileptic and age-matched sham control
animals. We focused on perisomatic inhibitory connections with respect to the reelin versus
calbindin immunopositivity of their postsynaptic targets within the MEC|qayer ). Specifically,
given that PVBCs, in contrast to CCKBCs, seem to provide substantial innervation of reelin*
principal cells that form the perforant path, we tested the hypothesis that a selective decrease
in PVBC-mediated perisomatic inhibition could explain the apparent hyperexcitability of the
input to the hippocampus in epileptic animals (Gloveli et al., 1998; Heinemann et al., 1993;
Spencer and Spencer, 1994).

Materials and Methods

Animals

All animal experimentation was conducted in accordance with NIH and UC Irvine IACUC
guidelines. Wistar rats were obtained from Charles River. For experiments aimed at
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determining the nature of perisomatic PV innervation in MECayer), 52 juvenile (postnatal
day 21-35; 33 male, 19 female) control animals were used. For epilepsy-related studies,
older animals were used; a total of 56 female and 50 male epileptic and sham animals were
generated at postnatal day 46 using the low-dose kainate model of epilepsy (Hellier et al.,
1998). Briefly, animals received 5mg/kg kainate or saline (for sham controls) once per hour
until each animal had experienced 3 consecutive hours of stage 111-V seizures (on a
modified Racine scale). Animals were continuously monitored 3—15 months after epilepsy
induction using a telemetric video EEG system (Data Sciences International) and associated
Neuroscore software to identify spontaneous seizures at least 3 months after kainate
treatment. All epileptic animals were observed to have at least 2 spontaneous stage 1V-V
seizures during the monitoring period. All animals subjected to the low-dose kainate
procedure that were monitored during the study developed epilepsy. None of the sham
saline-treated animals had seizures during monitoring. In total, 32 epileptic animals and 23
age-matched sham control animals, aged 46—71 weeks at the time of electrophysiology or
immunohistochemistry, were used in the epilepsy-related studies. All epileptic animals were
recorded within 1 week of their age-matched sham control. Because of technical difficulty in
recording from aged animals, and particularly from epileptic animals, more than one
epileptic animal was sometimes recorded at the time of any given age-matched sham control
to obtain near equal numbers of data points for all experiments.

Acute horizontal entorhinal-hippocampal slices (60 or 300 um for immunohistochemistry
alone or electrophysiology and post-hoc immunohistochemistry, respectively) were prepared
in ice-cold sucrose solution (containing in mM: 85 NaCl, 75 sucrose, 2.5 KCI, 25 glucose,
1.25 NaH,POQy, 4 MgCl,, 0.5 CaCl,, 24 NaHCO3), incubated for 1 hour at 32°C, and then
stored at room temperature until recording or fixation in 0.1 M phosphate buffer (PB; pH
7.4) containing 4% paraformaldehyde and 0.1% picric acid for 24-48 hours at 4°C. For
immunohistochemistry, 60um horizontal sections were processed with primary antibodies
raised against reelin (Millipore, mouse monoclonal antibody, AB5364 clone G10, 1:2,000),
calbindin (Swant, rabbit polyclonal antibody D-28k, number CB38, 1:5,000), VGLUT3
(Chemicon, guinea pig polyclonal antibody, AB5421, 1:10,000), PV (Swant, goat polyclonal
antibody, number PVVG213, 1:1,000), and VGAT (Synaptic Systems, guinea pig polyclonal
antibody, number 131 004, 1:1,000), and fluorescent secondary antibodies (Jackson
Immunoresearch, Alexa 405 or 594 coupled streptavidin, 405 donkey anti rabbit, 488
donkey anti goat or guinea pig, 594 donkey anti guinea pig, and 649 donkey anti mouse).
Primary antibodies were incubated at concentrations specified overnight at 4°C, and were
revealed by incubation with secondary antibodies at room temperature for 4 hours. See Table
1 for antibody information and usage. Putative PV boutons were identified by PV and VGAT
colocalization and CCK cell boutons were identified using the presynaptic marker VGLUT3
which has been shown to label a subset of CCKBC boutons specifically (Somogyi et al.,
2004; Varga et al., 2010). Slices were mounted with Vectashield Antifade Mounting Medium
(\Vectorlabs H-1000), with age-matched control and epileptic tissue, when applicable, being
processed, mounted, and imaged together. Putative boutons were counted from individual
frames of 1.2-14.4um deep z stack confocal images collected randomly from equivalent
medial-lateral positions of the middle 1mm of the dorsal-ventral axis of the MEC|qayer at
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100x with an oil immersion objective using an Olympus Fluoview FV1000 or a Zeiss
LSM700 confocal microscope. To ensure equal antibody penetration, for bouton counting
experiments, only the outer 15um of each of the 60um slices were imaged. Counted single
frames in the z direction of the z stack were at least 3um apart to avoid recounting individual
punctae. Boutons surrounding the somata (the perimeter of which was defined by drawing a
line tangent to the cell body at the point of apparent dendrite origins and then counting
boutons up to the intersection of the dendrite with this tangent line) of all reelin* and calb*
cells within MEC)ayeri and fully within the image frame were counted, with the exception of
very small cells likely to be interneurons. The perimeter of the membrane used to calculate
boutons per mm membrane was established using the length of membrane as calculated by
the imaging software used (Axiovision LE, Zeiss) after the perimeter of the cell was outlined
by hand by the observer. A single observer evaluated for obvious colocalization in boutons,
outlined the cells, and counted all boutons for all experiments by hand. For experiments in
juvenile control animals, the observer was blinded to the immunohistochemical identity of
the postsynaptic target. For experiments in epileptic and sham animals, the observer was
blinded to the epilepsy status of the animal from which slices were taken during counting.
For axon tracing experiments, a separate observer performed all counting of putative
boutons along the axon. All biocytin-filled axonal enlargements likely to be boutons were
counted when the perisomatic contacts appeared to be within 1um of the somata of calb* or
reelin* principal cells. For all bouton counting experiments, while electron microscopy was
not performed to validate the error rate with selection of boutons, we expect that because all
data were analyzed as a comparative study between calb* and reelin* cells within individual
slices and, when applicable, between epileptic and sham animals in age-matched slices
prepared together, the error rate of bouton identification was considered similar for both
principal cell populations and between epileptic and age-matched sham control animals.

Electrophysiology

Slices were obtained from juvenile control animals or from adult epileptic or age-matched
sham controls, as above aged 21-35 days or 46—71 weeks, respectively. Throughout these
experiments, we focused on the middle 1/3 of the MEC in the dorsal ventral axis because
inhibitory connectivity and other properties have been shown to vary based on the position
of the cells along this axis (Beed et al., 2013; Giocomo et al., 2011; Yoshida et al., 2011). As
above, acute horizontal entorhinal-hippocampal slices (300pum) were prepared in ice-cold
sucrose solution, incubated for 1 hour at 32°C, and then stored at room temperature until
recording. They were then recorded in standard ACSF solution containing (in mM): 126
NaCl, 2.5 KCI, 26 NaHCO3, 2 CaCl,, 2 MgCl, 1.25 NaH,PO,4, and 10 glucose. For sIPSC
measurements, 5uM NBQX, and 10uM APV were added to the bath. For mIPSC
measurements, 1uM TTX was added to the solution used for sSIPSC measurements. Slices
were visualized under IR-DIC optics, recorded using a MultiClamp 700B amplifier
(Molecular Devices, Union City, CA), and Clampex software (version 9.2; Axon
Instruments, Burlingame, CA). Whole-cell current clamp recordings were performed with a
high CI~ (33mM) standard internal solution containing (in mM): 90 potassium gluconate,
1.8 NaCl, 1.7 MgCly, 27.4 KCI, 0.05 EGTA, 10 HEPES, 2 MgATP, 0.4 Na,GTP, 10
phospho-creatine, and with pH 7.25 at 36°C. All recorded cells were filled with biocytin
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added to the internal solution (8mM, Sigma-Aldrich, see Table 1) to allow for post-hoc
immunohistochemical and anatomical identification.

Only cells with confirmed profiles were used for analysis of electrophysiology. Confirmation
consisted of recovery of the cell for anatomical examination (for interneurons) and
colocalization with immunohistochemical markers (including calbindin, reelin, and PV).
Clampfit software and MiniAnalysis were used for analysis of electrophysiology. Custom
made software for analysis of intrinsic properties was generated in house using MATLAB.
Intrinsic properties were examined from a series of negative and positive current steps from
the resting membrane potential. Briefly, the following properties were examined by the
automated software and are illustrated in Fig 3: 1) Resting membrane potential (RMP) was
defined as the average voltage with OpA current injection. 2) Input resistance (Rjn) was
calculated both from the slope of the current/voltage relationship and from the voltage
change elicited by the smallest hyperpolarizing and depolarizing current injection steps
away from RMP. 3) Sag amplitude for the most hyperpolarized sweep (Saghyperpor) Was
defined as the difference between the most hyperpolarized point and the steady state voltage
of the largest negative current step. 4) Sag time constant (tsag) Was calculated from the
equation of the best fit curve from the most hyperpolarized point of the most hyperpolarized
sweep to steady state, defined by V(t)=Vnax(1—e7Y%). 5) Membrane time constant
(Tmembrane) Was calculated both for the time from the current step onset to 1-1/e of the peak
hyperpolarization, and from the equation of the best fit curve from current step onset to peak
hyperpolarization, defined by V(t)=Vmax(e~Y"). 6) Rebound amplitude was defined as the
difference between the most depolarized point after the offset of the most hyperpolarized
current step and the RMP. 7) Sag amplitude for the most depolarized sweep without spikes
(saggepol) Was defined as a sag-like depolarization-induced hyperpolarization which has been
observed in stellate cells previously (Alonso and Klink, 1993), and was measured as the
amplitude of the most depolarized point after the start of the current injection to the steady
state value of the voltage response. 8) Rheobase was defined as the first current step with
spiking activity. In addition, the first regular spiking current injection step was noted, which
was the first current step where at least 3 spikes occurred in succession. 9) Delay to first
spike was defined as the time from the current onset to the first spike at the Rheobase. 10)
Interspike interval (ISI) was calculated as the average time between spikes on the least
depolarized spiking current step with at least 3 spikes. 11) Action Potential Threshold
(Threshold) was user-selected as described in (Atherton and Bevan, 2005), defined as the
point at which the derivative of the voltage trace with respect to time first exceeded the mean
over the 50ms prior to the action potential by 2 standard deviations. The thresholds of the
first 3 action potentials were averaged to get the value for each cell. 12) Spike amplitude was
measured from threshold to peak of first 3 spikes. 13) Spike halfwidth was averaged for the
first three spikes. 14) Afterhyperpolarization (AHP) values were calculated as both the
immediate fast AHP (fAHP) defined as the first point after which voltage either increases or
stabilizes following a spike, the slow AHP (sAHP) which was the most hyperpolarized point
between a spike or fAHP if present and the next threshold or the end of the current step. 15)
Depolarizing after potential (DAP) was defined as the most depolarized point between the
fAHP and the sAHP, if applicable. Because we noticed that at the most depolarized current
sweep, there appeared to be a difference in the first compared to subsequent spikes, we
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analyzed the difference in spike properties between the first (denoted by a subscript number
1, e.g. fAHP,) and subsequent 3 spikes on the most depolarized current step recorded (the
difference between the first and subsequent spike properties was denoted with a A; e.g.
AFAHP).

Data are presented as mean + s.e.m., and statistical significance was determined using a two-
tailed t-test or a two way ANOVA, with Holm-Sidak post-hoc multiple comparisons test
with a level of significance of p<0.05. Adjustments for multiple comparisons were made
using a Bonferroni correction and the required level of significance on the basis of this
correction is reported in each result section, where applicable.

Calbindin containing principal cells receive more spontaneous inhibitory inputs than
reelin containing principal cells of MECjayeri

Because CCKBCs largely avoid the perforant path forming reelin* cells, we tested the
hypothesis that reelin* cells would receive fewer inhibitory inputs than calb® cells. Indeed,
the frequency of sIPSCs in reelin* cells was significantly lower than in calb* cells (Fig 2a—c;
calb™ cell sIPSC frequency 7.7+1.5 Hz, n=19 cells; reelin* 3.5+1.0 Hz, n=13 cells; n=10
rats; p<0.05). The amplitude of events recorded at —-80mV in reelin* cells was not
significantly different from events recorded in calb* cells (calb* cells amplitude 14.8+0.4
pA,; reelin* cells amplitude 12.6+2.1 pA; p=0.43). These findings are consistent with the
known preferential innervation of calb™ cells by CCKBCs, and other factors may also
contribute to the higher sIPSC frequency in calb™ cells (e.g., preferential innervation of calb*
cells by PVBCs as well, see below).

PVBCs also demonstrate quantitative anatomical selectivity for calbindin-containing
principal cells

Given that both reelin* and calb™ cells receive perisomatic PV inputs while most CCKBC
input is onto calb* cells (Fig 1c, Varga et al., 2010), we tested what, if any, specificity
PVBCs might exhibit onto principal cell subpopulations of MECayer)-

We first utilized the colocalization of the presynaptic GABAergic terminal marker, VGAT,
with PV to identify putative PV-containing perisomatic boutons by comparing the number of
boutons directly surrounding the somata of reelin* and calb* principal cells (Fig 2d).
Because this was a comparative analysis, the error rate in bouton counting between reelin*
and calb™ cells was considered to be similar.

Interestingly, we found that PVBCs form 38.9% more perisomatic boutons per mm
membrane onto calb® than onto reelin* cells (Fig 2e; number of PV and VGAT colocalizing
punctae per 1 mm of somatic membrane: calb*, 191.4+4.6 punctae per mm membrane, 5818
total punctae, 231 cells; reelin*, 138.8 +4.9 punctae per mm membrane, 3721 punctae, 192
cells; data collected from 6 juvenile control animals; p<0.003). We performed a similar
analysis with VGLUT3 (an established marker of CCKBCs Somogyi et al., 2004; Varga et
al., 2010) to compare the two perisomatic cell populations, and consistent with prior reports
(Varga et al., 2010), we found that CCKBCs formed significantly more boutons onto calb*
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than onto reelin® cells by 196% (Fig 2f; number of VGLUT3 punctae per 1 mm of somatic
membrane: calb*, 54.9+2.7 punctae per mm membrane, 880 total punctae, 150 cells;
reelin* 18.6+1.8 punctae per mm membrane, 273 total punctae, 123 cells; data collected
from 3 juvenile control animals; p<0.003). Additionally, note that there were overall more
PV containing boutons per mm membrane than VGLUT3 containing boutons.

Thus, PVBCs also have a quantitative preference for calb* cells, although they are still less
selective of their synaptic targets on the basis of the long-distance axonal projection patterns
than CCKBCs, since they do form a sizeable proportion of their axonal contacts with reelin*
as well as calb* cells.

Intrinsic properties of calbindin and reelin containing principal cells in MECjayer

Within the middle 1mm of the dorsal-ventral axis of the MECayer;;, We analyzed the
intrinsic properties, including firing patterns, of both reelin* and calb* principal cells in
juvenile control animals (Fig 3). Descriptions of these measurements are listed in the
Materials and methods section and illustrated in Fig 3, and the values are reported in Table
2. After adjusting for multiple comparisons, the intrinsic properties that were significantly
different between reelin* cells (n=15 cells) and calb* cells (n=21 cells) in the juvenile
control animals (n=13 rats) Were Tsag, Tmembrane: S83depol: rheobase, DAP amplitude, spike
amplitudes, SAHP,, DAP, AfAHP, and AsAHP (p<0.0013 for each).

In addition, reelin cells did exhibit subthreshold oscillations with average dominant
frequency of 7.0+0.4 Hz, similarly to what has been reported in stellate cells previously
(Alonso and Klink, 1993; Giocomo et al., 2007). In contrast, calb* cells demonstrated a
dominant oscillation frequency of 5.5+0.2 Hz (compared to reelin* cells, p<0.01). These
oscillatory properties were not evaluated further in this study.

Thus, the calb* and reelin* principal cell populations had significantly different intrinsic
properties, which, as illustrated in the plot in Fig 3f, may allow the separation of the
populations on the basis of a multidimensional cluster analysis of their electrophysiological
properties.

Individual PVBCs in the MEC|ayer) form functional connections with both calbindin and
reelin containing principal cells

Given that PVBCs form connections with both calb* and reelin® principal cell populations,
there are two possible, though not mutually exclusive arrangements by which PVBCs could
be connected with the two principal cell populations in the MECjayer: €ither an individual
PV cell could innervate both output pathways simultaneously or there could be two separate
populations of PVBCs, one of which is selective for reelin® and one of which is selective for
calb™ principal cells (Fig 1b). To begin to evaluate how individual PVBCs are organized
with respect to postsynaptic principal cell target, as proof of principle, we traced the
individual axons of 5 different biocytin-labeled PVBCs with clear anatomy under
fluorescent imaging as they traversed the MECjqayer) and counted the number of putative
contacts with both calb* and reelin* principal cells. We found that all biocytin-filled PVBCs
contacted both calb™ and reelin* cell somata, and that there did not appear to be two separate
populations of target-selective PV cells (n=1887 boutons: 1089 onto reelin*, 765 onto calb*,

Hippocampus. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Armstrong et al.

Page 9

33 onto double positive cells; 521 total target cells, n=5 filled PV basket cells from 5
different juvenile control animals). However, each individual PV cell varied in terms of the
proportion of boutons on calbindin and reelin cells, with extremes being one cell which
formed 88% of boutons onto reelin* and 10% onto calb™ cells, and another cell which
formed 19% of boutons onto reelin® and 80% onto calb* cells. The boutons of the other
three cells were distributed between reelin* and calb™ cells (specifically, 70%, 63%, 45%
onto reelin* and 29%, 29%, 55% onto calb* cells, respectively). These were technically
difficult experiments requiring extensive axonal biocytin filling and recovery of single filled
PV cells, quadruple immunolabeling, and time-intensive imaging. This complexity in this
case precluded further processing for electron microscopy to confirm the error rate of
putative bouton identification onto both reelin* and calb* populations. However, the error
rate is expected to be similar between calbindin and reelin cells, and although the
methodology may underestimate the number of contacts between PV and reelin® as
compared to calb™ cells, given the more limited cytoplasmic expression of reelin which does
not always delimit the membrane location as well as compared to calbindin (for electron
microscopic verification of perisomatic inputs to calb* cells, see Varga et al., 2010), our data
qualitatively provide strong support for the presence of boutons onto both reelin* and calb*
cells from individual PVBCs.

Overall, these data support a range of selectivity amongst individual PVVBCs, without a clear
bimodal distribution into two selective PVBC populations, and suggest that most PV cells in
fact will contact both types of postsynaptic principal cells in MECayer)-

In order to further clarify the issue, as a further proof of principle, we performed paired
recordings between PV cells and either postsynaptic calb™ or reelin* principal cells. The
results showed that PVBC-evoked unitary inhibitory postsynaptic currents (ulPSCs) could
be recorded with both postsynaptic principal cell populations (onto calb™ cells: n=7; onto
reelin* cells: n=3; pairs recorded from n= 7 juvenile control animals). In fact, in one
instance, we were able to record connected pairs from a single PVBC onto both a calb* cell
and a reelin™ cell, confirming that, consistent with the anatomical results described above, a
single presynaptic PV cell can indeed form functional connections with both postsynaptic
principal cell populations and PVBCs were able to evoke ulPSCs in both reelin* and calb*
cells.

It is interesting to note that, while exploring the PVBC microcircuitry in the MECayer|
using paired recordings (from n=8 additional juvenile control animals), we also obtained
evidence for the existence of synaptic connections between the following cell groups: calb*
principal cells to PVBCs (n=2), PVBCs to MECiayeryi principal cells (n=2), neurogliaform
cells (NGFCs) to both calb* (n=1) and reelin* (n=2) principal cells, and somatostatin
containing (SS) interneurons to both calb* (n=1) and reelin * (n=3) principal cells. In 1
additional case, a single presynaptic cell was found to connect to both a calb* and a reelin*
principal cell (n=1 presynaptic NGFC).

Lack of change in intrinsic properties of principal cell populations in epilepsy

In confirmed spontaneously epileptic and age-matched sham control animals (Fig 4a), we
examined whether there were any changes in intrinsic properties in calb* or reelin® cells
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which might indicate intrinsic hyperexcitability in one or both of the populations of principal
cells. We utilized the same methodology and terminology we used in juvenile control
animals above (Fig 3) to analyze the intrinsic properties in a blinded fashion. The results are
listed in Table 2. The data revealed no significant differences in intrinsic properties between
known calb™ and reelin* cells in adult epileptic (n=8 animals; n=18 reelin* cells; n=6 calb*
cells) compared to age-matched sham controls (n=6 animals; n=11 reelin* cells; n=5 calb*
cells) (Table 2; two way ANOVA with p value adjusted for multiple comparisons by
Bonferroni correction: p>0.0015). Interestingly, however, we did note significant differences
between juvenile control animals and recordings from adult animals (numbers as reported
above). Specifically, juvenile animals had smaller calb™ fAHP amplitudes, smaller DAP
amplitudes in both calb™ and reelin* cells, and a larger difference in DAP amplitude (ADAP)
between the first and subsequent three spikes of the most depolarized sweep in reelin* cells
(p<0.001 for each), indicating significant alterations in postnatal development from the
juvenile stage to adulthood.

Thus, many intrinsic properties remain constant in this model of epilepsy between sham
control animals and epileptic animals, although there appear to be significant alterations in
intrinsic properties during development from juvenile to adulthood.

Lack of change in perisomatic bouton numbers in epileptic compared to age-matched
sham control animals

In slices from 5 video and EEG confirmed epileptic animals (Fig 4a) approximately 12
months post kainate and 4 age-matched sham controls, punctae containing both PV and the
presynaptic GABAergic terminal marker, VGAT were counted around calb* and reelin* cells
using the same technique as for the juvenile control animals described above in connection
with Fig 3 (Fig 4b).

Interestingly, there were no differences in the number of punctae surrounding calb* cells
(p=0.262), nor surrounding reelin* cells (p=0.464) in epileptic compared to age-matched
sham controls (Fig 4c). Specifically, as observed in the juvenile control animals described
above, we saw a higher proportion of PV and VGAT containing punctae around calb™ than
reelin* cells in age-matched sham controls (34.4% higher proportion on calb* cells; number
of PV and VGAT colocalizing punctae per 1 mm of somatic membrane: calb*, 158.4+5.5
punctae per mm membrane, 1696 total punctae, 80 cells; reelin*, 117.9 +7.8 punctae per mm
membrane, 1005 punctae, 63 cells; data collected from 4 animals; p<0.003). There were also
a higher proportion of PV and VGAT positive punctae around calb* than reelin* cells in
epileptic animals (38.2% higher proportion on calb* cells; number of PV and VGAT
colocalizing punctae per 1 mm of somatic membrane: calb*, 160.2+5.0 punctae per mm
membrane, 1449 total punctae, 76 cells; reelin*, 115.9 £10.5 punctae per mm membrane,
1069 punctae, 68 cells; data collected from 5 animals; p<0.003).

To test whether there may have been a selective change in bouton numbers of CCKBCs in
epileptic animals, we also examined the number of perisomatic VGLUTS3 positive punctae in
3 epileptic and 5 age-matched sham control animals. Surprisingly, there were also no
differences in the number of VGLUTS3 punctae surrounding calb™ cells (p=0.561), nor
surrounding reelin® cells (p=0.757) in epileptic compared to age-matched sham controls (Fig
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4d). However, as in the young control animals, we still saw a much higher proportion of
VGLUTS3 positive punctae around calb* than reelin* cells in sham controls (400% higher
proportion on calb™ cells than reelin cells; number of VGLUT3 punctae per 1 mm of somatic
membrane: calb*, 48.6+1.5, 1218 punctae, 325 cells; reelin*, 9.7+0.8 punctae per mm
membrane, 316 punctae, 311 cells; data collected from 5 animals; p<0.003). There were also
a higher proportion of VGLUT3 positive punctae around calb* than reelin* cells in epileptic
animals (399% higher proportion on calb™ cells; number of VGLUTS3 punctae per 1 mm of
somatic membrane: calb*, 49.1+3.2 punctae per mm membrane, 293 total punctae, 86 cells;
reelin*, 9.8 £1.6 punctae per mm membrane, 60 punctae, 84 cells; data collected from 3
animals; p<0.003).

It should be noted that, despite a lack of difference in the numbers of perisomatic boutons
per mm membrane between epileptic and sham controls, we noted that there were
significantly fewer VGLUT3 punctae around reelin* cells in the adult sham controls as
compared to juvenile controls described above (9.7+0.8 punctae per 1 mm somatic
membrane in adults vs. 18.6+1.8 punctae per Imm somatic membrane in juvenile controls;
p<0.003; number of animals and cells as reported above), again (similar to the intrinsic
property changes and in PV bouton numbers described above) pointing to developmental
alterations during the transition from the juvenile to the adult stage.

To examine whether the lack of difference in PVBC boutons in epileptic animals might be
masking a loss of total PV cell numbers combined with a potential axonal sprouting of the
surviving cells to generate a similar number of total perisomatic boutons, we counted the
total number of PV cells present in 60um slices from the same epileptic and sham control
animals in or immediately adjacent to MEC|qayer. We observed no change in the number of
total PV cells in slices from epileptic animals. Epileptic slices contained 7.1+0.5 PV cells in
and immediately adjacent to layer Il per slice and control slices contained 6.5+0.5 PV cells
per slice (n=57 slices from 7 epileptic animals, n=39 slices from 4 sham control animals;
p=0.52). This indicates that PV containing cells appear to survive in epilepsy in this model
of TLE, and that the number of boutons from each PV cell is likely similar in both sham
control and epileptic animals.

Overall, these results showed that the anatomical selectivity of GABAergic perisomatic
innervation with respect to postsynaptic principal cell subpopulation appears surprisingly
well preserved in MECjqayer in the chronic repeated low dose kainic acid model of epilepsy.

Functional inhibitory events are decreased in epileptic compared to age-matched sham
control animals

To examine the overall inhibitory environment for both calb™ and reelin* cells in MECiayeri
in epilepsy, we performed miniature IPSCs (mIPSC) analysis to further evaluate the
presynaptic function of the GABAergic synapses onto calb* and reelin* cells in epilepsy.
Interestingly, although the number of PV and VGLUTS3 containing perisomatic boutons was
unchanged in epileptic animals for both calb™ and reelin* cells (see above), there was a
significant decrease in the frequency of mIPSCs in all principal cells in epileptic animals
compared to age-matched sham controls (Fig 4e; 1.9+0.4 Hz in sham, n= 23 cells from n=3
animals; 1.0+0.1 Hz in epileptic, n= 21 cells from n=3 animals; p<0.05). These results
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indicate that, despite the lack of anatomical changes in perisomatic bouton numbers, there
are presynaptic functional changes in inhibitory input onto principal cells (the nature of
these alterations will need to be addressed in future experiments and may include changes in
release probability and other changes), consistent with previous studies demonstrating
decreased mIPSC frequency in the MEC in the pilocarpine model of epilepsy (Kumar and
Buckmaster, 2006).

Direct recurrent excitatory pairs recorded in MECiayer Of epileptic animals

The existence of recurrent excitatory connections in MECayerj has been investigated using
paired recordings, photostimulation, and optogenetics, and suggests that, at best, there is
sparse direct excitatory connectivity between principal cells in this layer which decreases
dramatically with age, while connections with neighboring cells via excitation of inhibitory
cells becomes more common with age (Couey et al., 2013; Dhillon and Jones, 2000; Kumar
et al., 2007). In fact, in more than 200 paired recordings in control animals, no clear unitary
connections were found between stellate cells (whose electrophysiological properties
generally resembled those we observed in reelin* cells) in adult animals (Couey et al.,
2013). In agreement with these results, we observed no excitatory to excitatory cell
connections in adult sham control animals (26 tested from 13 stable paired recordings).
However, during paired recordings in epileptic animals, we encountered n=3 directly
connected pairs between MEC ayeri principal cells in 2 epileptic animals older than 450
days (in total, we tested 95 potential connections from 52 stable pairs of principal cells in
acute slices from n=6 epileptic animals). Of the connected pairs, 2 pairs were identified with
post-hoc immunohistochemistry as being from one reelin® cell to another reelin* cell, and 1
pair was from a calb™ cell to a reelin* cell. During 2 of the 3 paired recordings, NBQX
(5uM) and APV (10uM) wash-in abolished the postsynaptic response (Fig 5), and in all 3
pairs, the responses were clearly inward at —20mV postsynaptic holding potential, unlike the
recorded ulPSCs described above. This indicates that there may be increased direct recurrent
excitatory activity within MECjayer in epileptic animals that is typically not present in adult
animals.

Discussion

While interneuronal diversity has long been recognized as a key factor in determining
neuronal network organization, the importance of the relationship between interneuronal
diversity and the surprisingly heterogeneous nature of principal cell populations with distinct
anatomical and physiological properties and different projection patterns has been only
recently recognized (Lee et al., 2014c; Mizuseki et al., 2011; Varga et al., 2010).

Here, we have explored the connectivity of PVBCs in MECayeri With respect to the
subpopulation of the target principal cell, demonstrating that while PVBCs can innervate
both perforant-path forming reelin* and non-perforant path forming calb* cells
simultaneously, they also form more connections with calb* cells, thus making reelin* cells
much less regulated by perisomatic GABAergic input than would have been previously
expected.
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In addition, we have also explored the microcircuitry of MECayer in the low-dose systemic
kainic acid model of TLE with respect to perisomatic input and recurrent connectivity. We
found that, surprisingly, at least in this model of chronic TLE in rats, no significant changes
occurred in terms of quantitative anatomical connectivity or selectivity either for PVBCs or
for CCKBCs. We did find, however, that, in agreement with previous studies (Kumar and
Buckmaster, 2006), functional inhibitory connectivity is reduced overall, and we also found
direct recurrent unitary connections between MEC qayer principal cells in epileptic animals.

Two populations of principal cells in MECiayer Separated by immunopositivity for
calbindin or reelin

We noted again the two distinct populations of pyramidal cells defined by their
immunopositivity to calb® or reelin® in the MEC)ayer (Varga et al., 2010). These
subpopulations had significantly different intrinsic properties including subthreshold and
spiking features, which might be utilized in future studies to separate the populations on the
basis of firing properties rather than solely on immunohistochemical markers. Interestingly,
the intrinsic properties of the principal cells in MECjayer apparently undergo changes
during development, which may influence their susceptibility to injury in epilepsy as well.

Previously, the principal cells of MECayer) have been divided anatomically into stellate
cells, pyramidal cells, and cells with tripolar shapes based on axonal and dendritic
morphologies (Klink and Alonso, 1997; Pastoll et al., 2012; Ramén y Cajal, 1893).
Differences in intrinsic properties have also been reported between the stellate and
pyramidal cells as well as within cell types in a dorsal-ventral gradient (Alonso and Klink,
1993; Garden et al., 2008). For example, depolarization-induced early peaking membrane
potential during subthreshold depolarizing sweeps (here referred to as saggepol), as well as
robust inward-rectification and subthreshold oscillations have been described previously as
being unique to stellate cells (Alonso and Klink, 1993; Giocomo et al., 2007). Reelin™ cells
in MECayeri) tended to demonstrate these properties, as well as faster sag time constants and
prominent oscillation frequencies that were faster than dominant frequencies recorded in
calb™ cells. While we did not specifically address the dichotomy of the stellate-pyramidal
division with regards to immunohistochemical or electrophysiological identity, the intrinsic
properties of the two populations suggest that, at least on average, reelin® cells comprise
primarily stellate cells, whereas calb™ cells comprise primarily pyramidal cells (Alonso and
Klink, 1993; Garden et al., 2008; Giocomo et al., 2007; Klink and Alonso, 1997; Pastoll et
al., 2012; Ramdn y Cajal, 1893).

It is also interesting that in our experiments, we did not observe changes between the
intrinsic properties of the distinct subpopulations of principal cells in epileptic versus sham
control animals. Instead, we noted differences in intrinsic subthreshold and spiking
properties between juvenile and adult animals. Other studies demonstrating changes in
intrinsic properties have separated cells on the basis of stellate versus non stellate
morphologies rather than reelin* and calb* immunohistochemistry, and use different models
of epilepsy including the electrical limbic status epilepticus model (Hargus et al., 2011;
Hargus et al., 2013), and the pilocarpine model of TLE (Kobayashi et al., 2003; Kumar and
Buckmaster, 2006). One possible explanation for our findings is that, given the chronicity of
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the epilepsy in the animals from which we recorded the data on intrinsic properties, the cells
utilized homeostatic mechanisms through novel conductance combinations that restored
near-normal firing properties, as has been shown previously to be possible (Howard et al.,
2007; Prinz et al., 2004). These possibilities will need to be addressed with further studies in
this model of TLE and looking more specifically at changes in channel expression and
individual currents.

Perisomatic GABAergic microcircuitry in juvenile control animals

In juvenile control animals, we found that perisomatic-targeting PVBCs are indeed selective
of principal cell type with respect to their divergent outputs from MECiayer), preferentially
innervating calb* principal cells about 40% more than reelin * cells. Therefore, PVCB-
derived inhibition in the MEC is not a homogeneous ‘blanket’ inhibition as has previously
been suggested for neocortical circuits (Packer and Yuste, 2011), similar to findings in the
prefrontal cortex and the hippocampus (Lee et al., 2014b; Lee et al., 2014c) but has a
preference on the basis of postsynaptic principal cell projection pattern (Krook-Magnuson et
al., 2012). However, the PVBC-mediated innervation pattern in the MECjayer; Still appears
to be much less selective than that of the CCKBCs, which show strong preference for calb™
cells in the MECiayer1. Indeed, reelin® cells appear to receive overall fewer spontaneous
events, consistent with their decreased overall inhibitory input from perisomatic GABAergic
cells.

However, since PVBCs do still form a significant number of connections with reelin* cells,
the manner in which individual PVBCs interact with their targets was important to elucidate.
Rather than finding two subpopulations of PVBC selective for different postsynaptic targets,
we found that individual P\VBCs do have the capacity to simultaneously influence both
perforant path (reelin*) as well as non-perforant path (calb™) output pathways from the

MEC ayer Using both anatomical axon tracing as well as paired recordings. While we
cannot exclude the possibility that additional sub-populations of PV cells may exist that are
more selective, both anatomical and electrophysiological data support the ability of most
individual PV cells to form functional connections onto both calb* and reelin* cells. Further
studies will be needed to clarify the degree to which individual PV cells may select their
postsynaptic targets on the basis of their immunohistochemical identity and long-distance
projection patterns.

It is interesting to consider how the anatomical and functional connectivity of both PV and
CCK basket cells may affect the modulation of the output of MEC|qayer to separate brain
regions in different ways. Generally, CCKBCs, which themselves tend to be more sensitive
to a number of types of modulation (Armstrong and Soltesz, 2012), act to preferentially
modulate calb* cells that generate non-perforant path output. At the same time, PVBCs
simultaneously modulate both principal cell types, though they, too, have a preference for
calb® cells. Overall, it appears from these data that there is less perisomatic inhibitory
control of reelin* perforant path forming principal cells compared to calb™ principal cells.
One interpretation of this finding has to do with the fact that reelin* cells target the dentate
gyrus, where the hyperpolarized resting membrane potentials, relatively high thresholds, and
network of strong feed forward and feedback inhibitory inputs to dentate granule cells

Hippocampus. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Armstrong et al.

Page 15

contribute to their sparse firing—factors which may have a role in the pattern separation and
‘gating” functions of the dentate gyrus (Armstrong et al., 2011; Coulter and Carlson, 2007;
de Almeida et al., 2009; Esther et al., 2013; Heinemann et al., 1991; Heinemann et al., 1993;
Krook-Magnuson et al., 2015; Leutgeb et al., 2007; Lothman et al., 1991; Mody et al.,
1991). Additionally, it could be that the generally strong temporal fidelity of PVBC inputs
(Armstrong and Soltesz, 2012) to perforant path forming cells is critical for spatial
navigation and memory functions, and other brain regions are perhaps better-suited to also
receive inputs modulated by the less temporally precise CCKBCs. An additional layer of
complexity is that it is possible that the strong recurrent disynaptic communication between
principal cells in MECiayery) through PVBCs (Couey et al., 2013) may contribute to the
interplay between principal cells with divergent long-range targets. Understanding the
precise relationship between the underlying microcircuitry of MECiayer; Will be critical for
interpreting the functional implications of microcircuit organization in this region.

Perisomatic inhibitory connections in MEC,ayer in epileptic animals in the low-dose
kainate model remain anatomically similar in terms of both quantitative contact number
and target-selectivity, but mIPSC frequency is reduced

While we had predicted that a decrease in perisomatic inhibition to reelin cells, the principal
cells which form the perforant path, might explain the apparent hyperexcitability of input to
the dentate gyrus arriving from MECqayer in epileptic animals (Bear et al., 1996; Bragin et
al., 2009; Gloveli et al., 1998; Heinemann et al., 1993; Kobayashi et al., 2003; Kumar and
Buckmaster, 2006; Pare et al., 1992; Scharfman et al., 1998; Spencer and Spencer, 1994),
interestingly, we found no quantitative difference between the chronically epileptic and age-
matched sham control animals in the number of GABAergic PVBC or CCKBC connections
to either principal cell population. Because there is evidence from epileptic animals that the
number of GABAergic cells and gephyrin-containing punctae (representing GABAergic
synapses) are decreased in MECjayer in epileptic animals (Kumar and Buckmaster, 2006),
the lack of change in the number and proportion of both perisomatic PV and VGLUT3
(representing CCK cells) punctae surrounding calb* and reelin™ somata in MECayer; is
intriguing. This lack of change in bouton numbers does agree well with other evidence that
PV containing somata are not lost in MEC,yeri) Of epileptic animals (Drexel et al., 2011),
and indeed, we also observed no change in the number of PV cells in epileptic animals.
Also, while gephyrin positive punctae were reduced in all layers of the MEC, it is not clear
whether changes in layer I might represent reduced inhibition to Layer Il pyramidal cells
which are frequently lost in epilepsy (Kumar et al., 2007).

However, despite the lack of anatomical changes in perisomatic bouton numbers, there was a
decreased mIPSC frequency in MECayer principal cells, which is likely to be presynaptic
in nature. This suggests that either the existing boutons are not functioning properly (e.g.,
there is a decrease in the probability of release), or that another population of relatively
proximal GABAergic input to these principal cells, the identity of which would remain to be
identified, is lost in epilepsy. These findings underscore the need to consider the entire suite
of network changes in epilepsy to understand the origins of hyperexcitability in this brain
region.

Hippocampus. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Armstrong et al. Page 16

Increased direct recurrent excitatory connections observed between MECayer principal
cells in adult epileptic animals

The presence of direct excitatory connections in paired recordings between principal cells in
adult epileptic animals is interesting. While recurrent axon collaterals of stellate cells can
span up to Imm within MECayery; and layer I (Lingenhohl and Finch, 1991), and recurrent
excitation was detected by direct photostimulation of layer Il principal cells in adult rats in
both control and epileptic animals (Kumar et al., 2007), only a few connected paired
recordings between principal cells in MECqyer have ever been achieved, and these were
primarily from juvenile animals (in one study, 6 total connected excitatory pairs from 644
total possible pairs were recorded, and all pairs were from animals younger than postnatal
day 28) (Couey et al., 2013). In fact, clear direct excitatory paired recordings have not been
found between principal cells in MEC)ayeri 0f adult animals in acute slices to date (Couey et
al., 2013; Dhillon and Jones, 2000), and in contrast to the photostimulation experiments
described above, direct optogenetic stimulation of MEC)qayer)y principal cells did not reveal
direct recurrent excitatory connections (Couey et al., 2013). Thus, our data suggest that there
may be an increased probability of local recurrent excitatory connectivity in this model of
epilepsy, in at least some animals, that can be probed using paired recordings. Additional
experiments will be needed to understand how recurrent excitatory connectivity may change
in this region in epilepsy.

Conclusions and Outlook

The results presented in this study help to elucidate both the normal and pathological roles
of major perisomatic GABAergic cell types in the MEC,yery) With reference to the
immunohistochemical profiles of the postsynaptic targets, which are known to relate to the
long-range targets of principal cells in this region (Ray et al., 2014; Varga et al., 2010).
Future studies will be necessary to better understand how MEC qayer; is organized in terms of
interneuronal target specificity and its relationship to principal cell subtypes, and how this
organization may change in epilepsy. For example, future projects may identify the
mechanisms by which calb™ cells might selectively recruit perisomatic GABAergic inputs,
determine how perforant path and non-perforant path projecting cells may respond
differently to coregulation by common PV inputs, elucidate the connectivity patterns of
other types of interneurons in the region with respect to postsynaptic principal cell targets,
understand the connection between cell type and functional role in terms of spatial
navigation, and reveal the cell-type specificity of changes seen in this region in epileptic
animals. Such studies will help unravel the role of the divergence in perisomatic inhibition to
subpopulations of postsynaptic targets in normal functions of entorhinal-hippocampal
connections such as spatial navigation and memory, and in addition will allow better
understanding of the functional and cognitive implications of the pathological changes that
are seen in the region in temporal lobe epilepsy.
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DG brain regions

Figure 1. Schematic of experimental question
a.) Perisomatically-targeting CCK positive basket cells (CCKBCs) selectively target non-

perforant path forming calbindin positive (calb*) principal cells while largely avoiding
ipsilaterally-projecting reelin positive (reelin*) principal cells that form the perforant path
(DG= dentate gyrus). We investigate in this study whether PV containing basket cells
(PVBCs) select their targets with respect to long-range projection pattern. b) Since PVBCs
do contact both types of principal cell (Varga et al., 2010), it is possible that individual
PVBCs are either simultaneously contacting both calb* and reelin* principal cells (top), or
that there are two subpopulations of PVBCs that are each selective for one principal cell type
(bottom). ¢) This image was reproduced with permission from Varga et al., 2010 Nature
Neuroscience, and demonstrates that CCK-immunopositive axon terminals (left panel)
selectively surround the somata of some (asterisks) but not all (triangles) principal cells in
MEC;ayeri (principal cells were visualized by GIuR2/3 immunopositivity; middle panel). In
contrast, axons from PVBCs (right panel) surround the perisomatic region of most principal
cells. Scale bar in ¢ = 10um.
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Figure 2. Functional and anatomical differences in GABAergic inputs to principal cells in
IVlECIayerII
a) Frequency and b) amplitude of spontaneous inhibitory postsynaptic currents (sIPSCs)

recorded from calbindin positive (calb*) and reelin positive (reelin®) principal cells.
Consistent with the reduced anatomical presence of perisomatic GABAergic contacts,
reelin* cells also had a lower sIPSC frequency. c) Example raw traces of sIPSC
measurements recorded in calb* (left) and reelin* (right) cells. d) An example of the
immunohistochemical markers (note that colorization of fluorescent channels has been
optimized for clarity between different experiments and does not represent the fluorophore
used for visualization) calbindin (red), reelin (blue), PV (green), and VGAT (magenta).
When PV (shown in green with reelin and calbindin on the left panel) is combined with
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VGAT immunohistochemistry to identify presynaptic GABAergic terminals (image shown
on right demonstrating PV in green and VGAT in magenta, with locations of calb* and
reelin* cells denoted by red squares and blue triangles, respectively), synaptic regions can be
identified by colocalization, shown in white. Insets: Note that calb* cells receive both
individual PV boutons (green triangle on left panel; shown colocalizing with VGAT, white
triangle, on right panel) as well as numerous VGAT positive punctae without PV (magenta
arrow) (which may represent CCKBC terminals, because only two types of basket cells
provide innervation to principal cells in cortical circuits, the CCKBCs and the PVBCs),
while reelin* cells have few such punctae (scale bar = 50pum). e) More PV containing
punctae surround the somata of calb® than reelin* principal cells. e) CCKBCs, whose
punctae can be identified by the marker VGLUT3, were again seen to have a strong
preference for calb* as compared to reelin* cells in juvenile animals.
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Figure 3. Intrinsic properties of calbindin and reelin cells and paired recording between a single
PV basket cells and a postsynaptic calbindin and a reelin principal cell in MEC jayerii

Properties measured include (see Materials and methods section for detailed descriptions): a)
hyperpolarizing and depolarizing subthreshold sweeps demonstrating the 1) RMP, 2) Ri,
(not shown), 3) sa@hyperpols 4) Tsag: 5) Tmembrane, 6) rebound amplitude, 7) sagqepo First
spiking trace not shown includes: 8) rheobase (first sweep with spikes, not shown), 9) delay
to first spike (not shown), 10) ISI (not shown), b) A single spike with labels for: 11)
threshold, 12) spike amplitude, 13) spike halfwidth, ¢) Trace in (b) zoomed in on the AHP
region of the spike to demonstrate: 14) fAHP 15) DAP 16) sAHP. d) Firing patterns of reelin
(left, blue) and calbindin (right, red) containing principal cells differed in a number of ways;
pictured are examples of regular spiking sweeps from both cell types and €) examples of the
first spike from the first spiking depolarizing sweep from reelin (left, blue) and calbindin
(right, red) cells. f) Example 3-dimensional plot of three different measured intrinsic
properties that differed significantly between all calbindin (red dots) and reelin (blue dots)
cells demonstrates clear separation of calbindin and reelin containing cell populations.
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Figure 4. Anatomical and functional GABAergic connections in principal cells of MECayery of
epileptic animals

Epileptic animals were generated using the low dose kainate model and monitored for
spontaneous recurrent seizures using continuous video and EEG monitoring. a) An example
of a spontaneous behavioral and electrographic seizure recorded in a chronically epileptic rat
used for this study. b) An example of the immunohistochemical markers in tissue from
epileptic animals (note that colorization of fluorescent channels has been optimized for
clarity between different experiments and does not represent the fluorophore used for
visualization): calbindin (red), reelin (blue), PV (green), and VGLUTS3 (yellow). Left panel
shows PV, calbindin, and reelin only, while right panel shows VGLUTS3, calbindin, and
reelin only. (scale bar = 10um). ¢) In both age-matched sham controls and chronically
epileptic animals, PV basket cells (PVBCs) preferentially formed perisomatic punctae
around calbindin (calb*) containing compared to reelin (reelin*) containing principal cells,
and d) VGLUT3 positive perisomatic punctae had a strong quantitative preference for calb*
compared to reelin* cells, which did not differ in epileptic animals. e) Miniature inhibitory
postsynaptic currents (mIPSCs) were reduced in epileptic compared to age-matched sham
controls.
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Figure 5. Example unitary excitatory pair recordings between immunohistochemically identified
MECiayer1 Principal cells in epileptic animals

a) An example of a direct excitatory connection recorded from a calbindin (calb*) to a reelin
(reelin™) containing principal cell in an epileptic animal (inset). b) Another example pair,
this time between two reelin* cells (inset). For both panels: recordings performed in a K-
gluconate based solution. Upper traces show the presynaptic spike, lower traces demonstrate
the response in the postsynaptic cell in ACSF (dark blue, dark red) that was abolished in
AMPA/kainate and NMDA antagonists, NBQX and APV (light blue, light red).
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