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Abstract

Delivery of exogenous oxytocin (OXT) to central oxytocin receptors (OXT-Rs) is currently being
investigated as a potential treatment for conditions such as post-traumatic stress disorder (PTSD),
depression, social anxiety, and autism spectrum disorder (ASD). Despite significant research
implicating central OXT signaling in modulation of mood, affect, social behavior, and stress
response, relatively little is known about the cellular and synaptic mechanisms underlying these
complex actions, particularly in brain regions which express the OXT-R but lie outside of the
hypothalamus (where OXT-synthesizing neurons reside). We report that bath application of low
concentrations of the selective OXT-R agonist Thr4,Gly7-OXT (TGOT) reliably and robustly
drives GABA release in the dentate gyrus in an action potential dependent manner. Additional
experiments led to identification of a small subset of small hilar interneurons that are directly
depolarized by acute application of TGOT. From a physiological perspective, TGOT-responsive
hilar interneurons have high input resistance, rapid repolarization velocity during an action
potential, and a robust afterhyperpolarization. Further, they fire irregularly (or stutter) in response
to moderate depolarization, and fire quickly with minimal spike frequency accommodation in
response to large current injections. From an anatomical perspective, TGOT responsive hilar
interneurons have dense axonal arborizations in the hilus that were found close proximity with
mossy cell somata and/or proximal dendrites, and also invade the granule cell layer. Further, they
have primary dendrites that always extend into the granule cell layer, and sometimes have clear
arborizations in the molecular layer. Overall, these data reveal a novel site of action for OXT in an
important limbic circuit, and represent a significant step towards better understanding how
endogenous OXT may modulate flow of information in hippocampal networks.
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Introduction

Oxytocin (OXT) is an ancient neuropeptide (Beets et al., 2012; Grimmelikhuijzen and
Hauser, 2012; Knobloch and Grinevich, 2014) synthesized by magnocellular neurons
located in the paraventricular nucleus (PVN) and supraoptic nucleus (SON) of the
hypothalamus (Grinevich et al., 2016; Knobloch and Grinevich, 2014). Several well-known
peripheral effects of OXT (i.e., milk ejection and uterine contraction) depend on activity
dependent release of OXT into the systemic circulation from magnocellular neurosecretory
neurons, which occurs via axonal projections through the hypophyseal portal system to the
posterior pituitary (Sivukhina and Jirikowski, 2016). However, oxytocinergic magnocellular
neurosecretory neurons also send axonal projections to numerous extra-hypothalamic brain
regions that express oxytocin receptor (OXT-R) including the entorhinal cortex, amygdala
(medial and central), bed nucleus of the stria terminalis, septum (lateral and medial), and
hippocampus (Dumais and Veenema, 2015; Hammock and Levitt, 2013; Insel and Shapiro,
1992; Ophir et al., 2012; Raggenbass et al., 1989). Further, these neurons are able to release
peptide dendritically (Kombian et al., 1997; Leng et al., 2008; Ludwig and Pittman, 2003),
creating local paracrine signals in the CNS, and possibly contribute to volume transmission
via the ventricular system (Grinevich et al., 2016).

In recent years, it has become clear that centrally acting OXT is likely to modulate limbic
function in ways that have profound impact on trust, fear, stress response, and other complex
social behaviors (Hammock and Young, 2006; Johnson et al., 2015; Knobloch et al., 2012;
Lee et al., 2009). Further, aberrant central OXT signaling has been associated with
neurodevelopmental disorders such as autism spectrum disorder (Feldman et al., 2014; Lerer
et al., 2008; Modahl et al., 1998; Taurines et al., 2014). Acute application of exogenous OXT
(by blood infusion or intranasal application) provides transient relief from some ASD
symptoms in humans (Anagnostou et al., 2014; Aoki et al., 2014; Hollander et al., 2007;
Hollander et al., 2003; Watanabe et al., 2014; Watanabe et al., 2015) and when applied into
the cerebroventricular system in animal models of ASD (Sala et al., 2011).

The hippocampal formation (HPF) is intimately involved in information processing in limbic
circuits, and hippocampal impairment has been independently implicated in some
neurodevelopmental disorders that are beginning to be associated with aberrant OXT
signaling (Dager et al., 2007; Maister et al., 2013; Nicolson et al., 2006; Saitoh et al., 2001).
Further, recent studies have revealed that acute OXT exposure improves hippocampal
function in-vivo, and both depolarizes interneurons and enhances synaptic transmission in
area CA1 in-vitro (Owen et al., 2013; Tomizawa et al., 2003; Zaninetti and Raggenbass,
2000).

The current study sought to reveal novel effects of OXT-R activation in the hilar region of
the dentate gyrus, as this area plays a key role in gating flow of information into
hippocampal networks (Hsu, 2007), undergoes extensive remodeling during early
development (Danglot et al., 2006), possesses interneurons which express OXT-R (Oh et al.,
2014; Tribollet et al., 1989), and yet has never been carefully evaluated in a way that reveals
detailed cellular and synaptic effects of OXT-R activation. Our results reveal that OXT-R
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activation robustly depolarizes a small subset of electrophysiologically and anatomically
identifiable hilar interneurons which appear to provide local inhibition to hilar mossy cells.

Methods

Hippocampal slice preparation

Male Sprague Dawley rats (p14-p19) were used for this study. All procedures were approved
by the University of Florida Institutional Animal Care and Use Committee (IACUC). All
animals were housed with multiple littermates and their nursing mother. All
electrophysiological studies were performed on brain slices prepared similarly to previous
studies from this laboratory (Hofmann et al., 2011). Animals were anesthetized by ketamine
injection (1 mL of 2% ketamine in sterile physiological saline via i.p. injection). Rats were
decapitated and brains were rapidly extracted and horizontally sectioned to 300 um using a
Leica VT1000s vibratome while submerged in ice-cold sucrose-laden oxygenated artificial
cerebrospinal fluid (ACSF) containing (in mM): 87 NacCl, 2.5 KCI, 1.25 NaH,PO,, 7 MgCl,
10 dextrose, 0.5 CaCly, 75 sucrose, and 25 NaCHO3. The HPF was dissected from the rest
of the brain and transferred to low-calcium ACSF containing (in mM): 124 NaCl, 2.5 KCl,
1.23 NaH,PQy, 10 dextrose, 1 CaCly, 3 MgSOy, and 25 NaCHO3 maintained at 37 °C in a
hot water bath. After a 30-minute incubation, slices were removed from the water bath and
permitted to passively equilibrate to room temperature over 30 minutes.

Electrophysiology and pharmacology

All live cell recordings were performed in a low turbulence perfusion chamber (JG-23W/HP,
Warner Instruments) using infrared differential interference contrast (IR-DIC) microscopy
with an Olympus BX51WI upright stereomicroscope, a 12-bit IRC CCD camera (QICAM
Fast 1394, Qlmaging), and a 40x water immersion lens. Acute brain slices were
continuously perfused with oxygenated ACSF at a rate of 1-2 mL/min. Patch pipettes were
prepared with a Flaming/Brown-type pipette puller (Sutter instrument, P-97) from 1.5 mm/
0.8 mm borosilicate glass capillaries (Sutter instrument) and pulled to an open tip resistance
of 4-10 MQ. Recordings were made using a Multiclamp 700B amplifier, Digidata 1440A
digitizer, and ClampEx 10.2 software (all Molecular Devices). Off line analysis of
electrophysiological data was completed using custom software made by CJF or SWH in
OriginC (Originlab, Northampton, MA) or Python 2.7 and the Neo 0.3.3 library (http://
pythonhosted.org/neo/). Unless otherwise specified, all patch-clamp recordings were
performed using ACSF containing (in mM) 126 NaCl, 11 dextrose, 1.5 MgSQOy4, 3 KCI, 1.2
NaH,PO4, 1 EGTA, and 25 NaHCOj3 continuously oxygenated with 95% O, / 5% CO,.
Patch pipettes were filled with a potassium gluconate-based pipette solution containing (in
mM) 10 KCI, 5 NaCl, 2 MgCl,, 1 EGTA, 10 HEPES, 130 K-gluconate, 10 phosphocreatine,
2 Nay-ATP, 0.3 Na-GTP, adjusted to pH 7.25 and 290 mOsm. To minimize effects of
neurotransmitter release from adjacent neurons, most fast neurotransmission was blocked by
pharmacologically inhibiting kainate receptors, AMPA receptors, NMDA receptors, GABAA
receptors, GABAg receptors, and muscarinic acetylcholine (mACh) receptors with 20 pM
DNQX, 40 uM AP5, 100 uM picrotoxin (PTX), 10 uM CGP-55845 (CGP), and 5 uM
atropine, respectively (all bath-applied). All drugs were ordered from TOCRIS except PTX
which was ordered from Sigma-Aldrich. Stock solutions for PTX and CGP were dissolved
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in DMSO such that bath concentration never exceeded 0.1%, and did not change during
application of OXT-R selective compounds. In experiments that measure inhibitory
postsynaptic currents (IPSCs), cells were filled with a high [CI7] pipette solution containing
(in mM): 140 KCI, 1 MgCl,, 0.2 EGTA, 10 HEPES, 2 Na,-ATP, 0.4 Na-GTP, and 4 NaCl
adjusted to pH 7.25 and 290 mOsm, and PTX was omitted from the bath solution. All
pipette solutions were filtered using a 0.22 micron filter and stored in 100 pL aliquots at

-20 °C. OXT-R agonist Thr4,Gly7-OXT (TGOT, 0.1-0.2 pM), OXT-R antagonist
(d(CH2)51,Tyr(Me)2,Thr4,0rn8,des-Gly-NH29)-vasotocin (dOVT, 1 uM), and tetrodotoxin
(TTX, 1 uM) were dissolved in bath solution at 25-50x final concentration and applied via
syringe pump at 0.4 mL/min to the perfusion line via an injection port. As a result, solutions
were diluted to final concentration immediately before entering the recording chamber. Final
bath concentrations are expected to closely match concentrations at the receptors, with the
possible exception of TGOT, which is applied more briefly and is likely subject to enzymatic
degradation by endogenous peptidases.

All voltage-clamp recordings where TGOT was applied were acquired continuously at 20
kHz in 10 second sweeps with no inter-sweep interval. The holding potential was =70 mV
for mossy cells, and =50 mV for all other hilar interneurons. Each sweep was preceded by a
200 ms —10 mV voltage step to monitor membrane resistance, access resistance, and whole
cell capacitance. Access resistance was carefully monitored in all voltage clamp experiments
that quantified data from synaptic currents. For these experiments, cells were excluded from
analysis if access resistance changed by = 30% during the course of the experiment, or if
abrupt changes in access were temporally associated with clear changes in frequency or
amplitude of synaptic currents.

All neurons were characterized electrophysiologically using a standard set of protocols to
assess current/voltage relationships and action potential firing properties. In voltage clamp
configuration, neurons were stepped from —110 mv through =50 mV in 5 mV steps for 2
seconds (when recording from mossy cells) or 500 ms (for all other neurons). To minimize
the influence of spontaneous currents in these measurements (especially when using a high
[CI7] internal solution), steady state current was calculated from the peak of a Gaussian-
fitted histogram of data samples which eliminated outliers (a strategy we have previously
successfully used to separate GABA-mediated phasic currents from tonic currents (Nahir et
al., 2007)). In current clamp configuration, action potential firing properties of all cells were
assessed using 2 second current steps from —200 pA through +500 pA in 100 pA steps
(when recording from mossy cells) or from =100 pA through +250 pA in 50 pA steps (for
all other neurons). Steady state firing frequency was determined as the inverse of the average
interspike interval from all APs in the last 50% of the current step. Accommodation was
defined as the ratio of the instantaneous frequency of the first two action potentials
(calculated as the inverse of the interspike interval) to the average steady state firing
frequency. Action potential repolarization velocity was defined as the nadir of the first
derivative of its voltage recording with respect to time (20 kHz sample rate). Action
potential threshold was calculated as the voltage at which the depolarization velocity
exceeded 5 mV/ms. Afterhyperpolarization (AHP) was calculated as the difference from the
action potential threshold to the minimum voltage in the 25 ms following the action
potential. Action potential half-width was measured as the time that the voltage exceeded the
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value observed halfway between threshold and peak, similar to Hosp et al. (2014). Phase
diagrams were made by plotting the first derivative of the membrane potential (action
potential velocity) with respect to instantaneous voltage, similar to other studies (Bean,
2007; Burton and Urban, 2014; Elgueta et al., 2015; Lu et al., 2014).

Identification and characterization of mossy cells and other hilar interneurons

The hilar region of the dentate gyrus, also known as the polymorphic cell layer, is a region
encircled by the granule cell layer, and excluding CA3 pyramidal cells. For the initial
experiments in this study, it was necessary to record from hilar mossy cells. Mossy cells are
unique among all the local circuit neurons found in the hilus, and indeed in the
hippocampus, in several respects. Perhaps most notably, they are large, glutamatergic local
circuit neurons that tend to send axonal projections both along the septo-temporal axis of the
hippocampus, and across the hippocampal commissure (Scharfman and Myers, 2013). They
receive robust excitatory synaptic input via large proximal dendritic spines, are very
sensitive to hypoxia/excitotoxicity, and are strongly implicated in several models of
epileptogenesis (Sloviter 1991, Scharfman, 1994; Seress et al., 2009).

Putative mossy cells were identified using techniques similar to those previously described
by our laboratory (Nahir et al., 2007; Hofmann and Frazier, 2010; Lindsly and Frazier,
2010). Briefly, mossy cells were initially targeted using IR-DIC microscopy (Fig. 1a, 1b).
Targeted cells had a large soma (typically 15-30 um in diameter) located in the hilus. The
presence multiple thick primary dendritic branches tend to give these cells a unique large
rhomboidal shape under IR-DIC.

Following establishment of whole-cell patch-clamp configuration, putative mossy cells were
further identified by multiple electrophysiological parameters. In the current study, mossy
cells had a characteristically large whole cell capacitance (137.63 £ 9.67 pF, n=26), and
featured a robust hyperpolarization-activated, slowly activating, slowly inactivating
excitatory current. In current clamp configuration, this feature is visible as a “sag” in
response to a hyperpolarizing current pulse (Fig. le, left arrow) which is accompanied by
depolarization which lasts several seconds following cessation of the current pulse (Fig. 1e,
right arrow). Both of these features are observed in voltage-clamp configuration via the
current response to a series of voltage steps (Fig 1f, left arrow and right arrow, respectively).
\oltage-dependent conductances were measured in mossy cells and reported alongside those
of non-mossy hilar interneurons for comparison (Fig. 1g—j). The prominent
hyperpolarization activated excitatory current in mossy cells contributed to notably lower
membrane resistance, particularly at negative potentials (Fig. 1g—h). Mossy cells also
demonstrate an accommodating firing pattern in response to depolarizing current pulses
(Fig. 1e) resulting in a slow (< 30Hz) steady state firing frequency which is often less than
half of the initial firing frequency. As a result, mossy cells reach maximum firing frequency
in response to moderate depolarizations (Fig. 1i), and display prominent accommodation
(reported as the ratio of the instantaneous firing frequency of the first two action potentials
to the average steady state firing frequency over the second half of the depolarization step,

Fig. 1j).
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After whole cell recording, fluorescent anatomical observations that relied on biocytin
labeling of neurons (see next section) further revealed their extended axonal and dendritic
architecture of recorded cells. Cells identified as mossy cells uniformly had
characteristically large thorny excrescences (“moss”) on their proximal dendrites (Fig. 1c),
possessed numerous, large, highly branching dendrites confined to the hilus (Fig. 1d), and
axonal projections which could often be observed exiting the hilus.

Biocytin labeling, immunohistochemistry, and fluorescent imaging

To assess detailed structural morphology of electrophysiologically-characterized neurons,
pipette solution was supplemented with 5 mM biocytin. TGOT responsive hilar interneurons
which were stable throughout all electrophysiological experiments were selected for detailed
morphological analysis. The pipette was slowly retracted diagonally, and the integrity of the
TGOT responsive hilar interneuron was verified under DIC optics (observed as a soma
which remained largely unmoved throughout the experiment, and presented with the same
morphology as it did before establishment of whole-cell configuration). Slices were
transferred to 10% formalin and fixed overnight at 4 °C. Slices were then transferred into
phosphate-buffered saline (PBS, pH 7.2) and stored at 4 °C until further processing. All
subsequent histological labeling procedures were performed in a 12-well plate (1 mL
reaction solution per well) at room temperature on an orbital shaker. Slices were washed (5
x 5min) with PBS with 0.1% Triton X-100 (PBST). Slices were then permeabilized for 24—
48hr in a blocking solution (2% bovine serum albumin, 2% normal goat serum, and 0.1%
NaNs3 in PBST). Slices were reacted with Alexa Fluor 594-conjugated streptavidin
(ThermoFisher S-32356, 1:1000 in PBST) for 24 hours.

Immunohistochemical labeling of CCK and PV was performed on some TGOT responsive
hilar interneurons which had been filled with biocytin. To minimize crossover of cell-fill
fluorophore emission into the emission range used to image immunolabeled structures,
tissues analyzed immunohistochemically were treated with Alexa Fluor 647-conjugated
streptavidin in combination with secondary antibodies with lower wavelength fluorophores
(Alexa Fluor 488 or 594). To further reduce spectral crossover, the concentration of biocytin
was reduced from 5 mM to 250 nM. Together these changes promoted spectral separation of
both fluorophores, but resulted in relatively weak biocytin labeling which only prominently
labeled the TGOT responsive hilar interneuron soma and proximal structures, preventing
detailed morphological analysis of extended axonal and dendritic morphology. Methods
were similar to those for biocytin labeling alone, except for the inclusion of additional
primary antibody incubation steps following the permeabilization step. Primary antibodies
were applied in blocking solution for 48 hours (1:1000 mouse anti-CCK 8 (Abcam ab37274)
or 1:1000 mouse anti-PV (Sigma-Aldrich P3088)) followed by a 5 x 5 minute washes in
PBST. Secondary antibodies (1:500 goat anti-mouse) were applied in parallel with
fluorophore-conjugated streptavidin for 24 hours.

Slices were washed with PBS (5 x 5 min), transferred to glass slides, and coverslipped with
vectashield antifade mounting medium (H-1000). Fluorescent imaging was performed using
an upright epifluorescence microscope with a 10x or 20x air objective lens using either an
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X-cite 120Q arc lamp in combination with a CCD camera, or a two-photon femtosecond
laser (810 nm) in combination with a photomultiplier tube.

OXT-R activation causes action potential dependent release of GABA onto hilar mossy

cells

Hilar mossy cells were voltage clamped at =70 mV using a high [CI7] pipette solution,
resulting in an outward driving force on CI~. GABAg, AMPA, NMDA, kainate, and mACh
receptors were all blocked by bath application of appropriate concentrations of selective
antagonists (see methods). Under these conditions, we observed that 3 minute bath
application of 200 nM TGOT (selective OXT-R agonist with over 100,000 fold specificity
for OXT-R over vasopressin (VVP) receptor (Muhlethaler et al., 1983)) produced a robust
increase in sIPSC frequency and amplitude that returned to baseline levels within 10 minutes
(Fig. 2a). On average, this exposure to TGOT transiently increased sIPSC frequency (as
measured from the 2—3 minute period following exposure) by 15.62 + 3.80 Hz (p < 0.01,
n=8) (Fig. 2c, blue trace). Similarly, sSIPSC amplitude was significantly increased (by 9.04
+ 3.10 pA, p < 0.05, n=6). (Fig. 2e, blue trace). Both of these effects of TGOT were
eliminated when the experiment was repeated in the presence of selective OXT-R antagonist
dOVT (1 pM, n=4, Fig. 2c, €). Similarly, prior exposure to 1 pM TTX also eliminated the
effects of bath applied TGOT on sIPSC frequency and amplitude (n=5, not illustrated). Fig.
2f illustrates the average sIPSC from a representative cell both before (n=577) and
immediately after (n=707) application of 200 nM TGOT. Normalization of these traces to
their peak amplitude revealed that TGOT had no effect on sIPSC kinetics (Fig. 29).

Identification and intrinsic properties of putative TGOT responsive hilar interneurons

We next sought to identify GABAergic hilar neurons activated by TGOT, as such neurons
would presumably contribute to TGOT mediated increases in sIPSC frequency observed in
hilar mossy cells. In initial experiments, we simply targeted small hilar neurons under IR-
DIC, recorded their basic electrophysiological properties, and then evaluated the effects of
acute application of 0.1 — 1 pM TGOT in current or voltage clamp using whole cell
recordings with a K-gluconate based internal solution (see Methods). Using this approach,
we found very few hilar neurons that were directly depolarized by bath application of TGOT.
After numerous trials it became clear that TGOT responsive neurons were likely to fire
intermittently under moderate load. Therefore, we gradually began to intentionally target
very small hilar neurons and test for the presence of this stuttering firing pattern before
challenging with TGOT. This approach dramatically increased our success rate in finding
TGOT responsive hilar neurons. Indeed, of 250 small hilar interneurons targeted during this
project, only 57 (23%) were stuttering hilar interneurons which were then challenged with
TGOT. Of those 57 cells, 40 (70%) exhibited an excitatory response to TGOT in either
current or voltage clamp.

We sought to more rigorously characterize stuttering hilar interneurons which had a high
probability of being TGOT responsive. This population of hilar interneurons is found in the
deep hilus (Fig. 3a, arrow), often in close approximation with putative mossy cells (Fig. 3a,
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asterisks). Putative TGOT responsive hilar interneurons had relatively small soma (typically
smaller than 10 uM) and were markedly circular or ovoid when viewed with DIC optics
(Fig. 3a, arrow). In voltage clamp configuration, voltage steps revealed a hyperpolarization
activated excitatory current which, compared to the hyperpolarization activated current in
mossy cells, was quick to activate and deactivate (Fig. 3b, arrows). This feature was also
observed in response to current steps in current-clamp configuration as a “sag” in response
to a hyperpolarizing pulse, with no persistent excitatory current once the pulse terminates
(Fig. 3c, arrows). Depolarizing steps revealed subthreshold, perithreshold oscillations (Fig.
3c). TTX-sensitive perithreshold oscillations have been reported in other hippocampal
interneuron populations (Chapman and Lacaille, 1999), and similarly we observed
perithreshold oscillations in putative TGOT responsive hilar interneurons were eliminated in
the presence of TTX (data not shown). Strong current injection (+250 pA) in putative TGOT
responsive hilar interneurons induced maximal steady-state firing frequency that was always
in excess of 30 Hz, with generally little spike frequency accommaodation. Further, putative
TGOT responsive hilar interneurons consistently demonstrated a prominent AHP after each
action potential (Fig. 3d), had a small action potential half-width (Fig. 3e), and rapid
repolarization velocity (observed by inspecting the first derivative of the membrane
potential) (Fig. 3f). These two traces were combined to form of a phase diagram (Lu et al.,
2014) with a shape characteristic of putative TGOT responsive hilar interneurons (Fig. 3g).
Collectively, these features were used to classify putative TGOT responsive hilar
interneurons as small, non-accommodating, fast spiking hilar interneurons, that would fire
intermittently (or stutter) under moderate load.

Effects of OXT-R activation in TGOT responsive hilar interneurons

As noted above, only 57 of 250 small hilar neurons tested met criteria (as described above)
to be categorized as putatively TGOT responsive. Of 57 putative TGOT responsive hilar
interneurons, 40 responded to acute application of TGOT (with a sigmoidal drug response
which reached maximum effect 2-3 minutes after TGOT application and then began to
recover toward baseline) and thus were categorized as TGOT responsive hilar interneurons.
In current clamp configuration, TGOT responses were observed as transient depolarizations
that resulted in clear increases in action potential frequency (Fig. 4a,b). On average, acute
application of TGOT increased firing rate in TGOT responsive hilar interneurons by 3.96

+ 037 Hz (p < 0.001, n=6) in response to this exposure (Fig. 4b). In voltage-clamp
configuration, identical application of TGOT produced a large inward current (21.73 + 2.90
pA, n=25, p<0.001, Fig. 1j, Fig. 4c, blue trace). Interestingly, the excitatory effect of TGOT
in TGOT responsive hilar interneurons, whether observed in current clamp or voltage clamp,
had time dynamics similar to the changes in sIPSC frequency and amplitude observed in
mossy cells (Fig. 2c,e). In sharp contrast, TGOT failed to have any significant effect on
action potential frequency or holding current (in current or voltage clamp experiments,
respectively) in a subset of cells (17 of 57) that met criteria described above to be defined as
putative TGOT responsive hilar interneurons.

We next sought to confirm the specificity of TGOT for OXT-R in our experimental
conditions by preventing the TGOT-mediated excitatory current by prior exposure to 1 yM
dOVT, a selective OXT-R antagonist (Owen et al., 2013; Zaninetti and Raggenbass, 2000).
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However, because not all putative TGOT responsive hilar interneurons turn out to be actually
TGOT responsive, an experimental design that involves pre-treatment with a OXT-R
antagonist is not ideal. To address this issue, the concentration and duration of TGOT
exposure (100 nM and 3 min, respectively) was carefully selected to minimize
desensitization often reported associated with OXT-R (Oh et al., 2014), and TGOT was
applied twice to each neuron, with a 20 min inter-application interval. In every cell which
initially responded to TGOT, subsequent application in this manner produced a large second
response (—15.54 £ 1.19 pA (n=4), Fig. 4c, blue trace). When 1 uM dOVT was added to the
ACSF between the first and second TGOT application, the second response was eliminated
(0.44 £1.49 pA, n=4, p<.001 Fig. 4c, green trace). Finally, in order to eliminate the
possibility that TGOT was activating OXT-R on other neurons to promote action potential
dependent release of an unknown transmitter, we evaluated the effects of TGOT in the
presence of 1 uM TTX. Our results indicated that TGOT-mediated excitatory currents in
TGOT responsive hilar interneurons were unaltered in the presence of TTX (-15.52 + 4.26
pA, n=3, p > 0.05) (Fig. 4e,f).

Detailed differences in intrinsic properties between TGOT responsive and TGOT
unresponsive fast spiking hilar interneurons

Although the criteria for identification of putative TGOT responsive hilar neurons as
described in Fig. 3 are quite specific, we found it notable that even when such stringent
criteria were used we only obtained a 70% success rate in predicting which hilar
interneurons would be excited by TGOT prior to actually applying it. Therefore, extensive
post-hoc analyses were performed to carefully compare the current/voltage relationship,
gain, and degree of spike frequency accommodation in TGOT-responsive vs. TGOT
unresponsive hilar interneurons that all met criteria described in Figure 3. Note that all
intrinsic membrane properties described here were calculated from electrophysiological data
obtained prior to TGOT exposure. We found a significant difference in holding current at
subthreshold potentials positive of -65 mV (Fig. 5B) suggesting that TGOT responsive hilar
interneurons rest at a slightly higher membrane potential. Further, we noted that the
maximum steady state firing frequency obtained during large current injections was
substantially higher in TGOT responsive vs. TGOT unresponsive hilar interneurons (Fig.
5c¢), while interestingly, spike frequency accommodation (see Methods) was significantly
less pronounced (Fig. 5e). These features are generally apparent on representative traces
illustrated in Fig. 5A. Finally, while all putative TGOT responsive hilar interneurons
presented with generally similar AP features (Fig. 3), a detailed analysis of fast action
potential dynamics revealed several significant differences in TGOT responsive hilar
interneurons vs. TGOT unresponsive hilar interneurons. Specifically, we found that in TGOT
responsive hilar interneurons, the amplitude of the afterhyperpolarization was larger (20.06
+.66 mV vs. 14.86 = .95 mV p=.0001, Fig. 5¢), the AP half width was smaller (1.16 + .04
ms vs 1.52 + .09 ms, P<.01, Fig. 5f), and the peak repolarization velocity was more rapid
(-64 + 3.35 mV/ms vs —46.35 + 4.27 mV/ms, P<.01 Fig. 5g), when compared to TGOT
unresponsive hilar interneurons.
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Anatomical and immunohistochemical features of TGOT responsive hilar interneurons

Electrophysiologically characterized TGOT responsive hilar interneurons which had been
filled with biocytin were histologically processed to fluorescently label their architecture
(see Methods). All TGOT responsive hilar interneurons examined in this manner (n=6)
demonstrated a dense network of varicose axons in the body of the hilus (Fig. 6¢) with
projections into the body of the granule cell layer (Fig. 6b). Dendrites (putatively identified
by their large diameter compared to axons, lack of varicose structures, and presence of
spines) were always observed extending to the granule cell layer and in some cases
extending beyond the granule cell layer and into the molecular layer (3/6) (Fig. 6d). Initial
efforts to immunohistochemically characterize TGOT responsive hilar interneurons suggest
that at least a subset of these cells are not immunoreactive for either cholecystokinin (CCK)
or parvalbumin (PV) (See supplemental Fig. S1). To assess the potential of TGOT
responsive hilar interneurons to form synapses onto mossy cells, a two-step recording
procedure was used in which multiple neurons were filled with high concentration of
biocytin to facilitate imaging of their extended axonal and dendritic structures. First, a
putative TGOT responsive hilar interneuron was targeted by its electrophysiological and
morphological characteristics (Fig. 7b) and confirmed as a TGOT responsive hilar
interneuron by a strong increase in action potential frequency in response to TGOT exposure
(Fig. 7c, inset). Following careful retraction of the recording pipette, adjacent mossy cells
were targeted by their morphology under DIC optics (Fig. 7a), and confirmed as such by
their electrophysiological and morphological features. Following fluorescent processing, the
resulting tissue was imaged with standard and/or two-photon based epifluorescence
microscopy (Fig. 7¢) and presented as a maximum all-in-focus projection (Fig. 7d). Using
this approach, we observed putative en passant synapses between the varicose axons from
TGOT responsive hilar interneurons and the soma or proximal dendrites of mossy cells (e.g.
Fig. 7D, inset).

Discussion

In the current study, we report that bath application of low concentrations of the selective
OXT-R agonist TGOT reliably and robustly drives GABA release in the dentate gyrus in an
action potential dependent manner. This increased GABA release was associated with
increased frequency and amplitude of sIPSCs recorded from hilar mossy cells. Further, both
effects were blocked by dOVT (an OXT-R antagonist) and by TTX. Although previous
physiological studies have demonstrated that OXT-R activation can drive GABA release in
areas such as CA1 of the hippocampus and the central amygdala (Knobloch et al., 2012;
Owen et al., 2013; Viviani et al., 2010; Zaninetti and Raggenbass, 2000), this is the first such
report in the dentate gyrus. Based on these observations, a primary question was whether
there exists a population of GABAergic hilar interneurons that both innervate mossy cells
and are directly depolarized by OXT-R activation. After substantial additional effort, we
have identified such a population of neurons. Indeed, we describe a population of small hilar
interneurons that irregularly fire, or stutter, in response to moderate current injection, and
fire rapidly in response to large current injection. These neurons also have a prominent AHP,
a narrow action potential width, and a rapid repolarization velocity all of which contribute to
a distinct action potential shape. We report that although only a minority of small hilar
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interneurons meet the criteria of this detailed phenotype, a majority of the of the ones that do
are directly depolarized beyond threshold for firing action potentials by acute bath
application of 100 nM TGOT. Intriguingly, we also find that when small, stuttering, fast
spiking hilar interneurons are divided post-hoc by their responsiveness to TGOT, more fine
grained physiological differences become apparent. Perhaps most notably, TGOT responsive
neurons in this population appear to rest slightly more positive, have a significantly higher
maximum firing rate, and are much less subject to spike frequency accommodation, while
also having a significantly larger after hyperpolarization, narrower AP half width, and faster
repolarization velocity. Additionally, anatomical studies presented here indicate that TGOT
responsive hilar interneurons have dense axonal arborizations in the hilus that are often in
close proximity with mossy cell somata and/or proximal dendrites, and yet also invade the
granule cell layer. Further, they have primary dendrites that always extend into the granule
cell layer, and sometimes have clear arborizations in the molecular layer. Finally, initial
immunohistochemical studies indicate that these neurons do not display clear or consistent
immunoreactivity for CCK or PV.

Overall, these results contribute substantially to a first careful characterization of a very
small population of OXT-sensitive interneurons in the hilar region of the dentate gyrus, and
provide significant insight into the likely physiological impact of endogenous OXT signaling
in an important limbic area. In considering these data, it is important to highlight that the
current studies were conducted on male rats age p14-19, and yet central OXT-R expression
is known to be dynamic and may vary across age (Hammock and Levitt, 2013; Tribollet et
al., 1989), species (Freeman et al., 2014; Olazabal and Young, 2006; Raggenbass et al.,
1989), gender (Dumais and Veenema, 2015; Insel and Hulihan, 1995; Steinman et al., 2015),
and even experience (Lukas et al., 2010; Prounis et al., 2015). As such, current data do not
allow for strong or confident predictions about the extent to which OXT signaling in the
dentate gyrus is affected by such variables. Nevertheless, we believe these data will also
likely contribute to our understanding of potentially common mechanisms through which
central OXT-R dependent signaling modulates CNS physiology. Toward this end, we believe
there are a couple of additional topics on the specific experiments and data presented here
that are worthy of more careful consideration.

First, with respect to effects of TGOT on sIPSCs recorded from hilar mossy cells, in the
simplest sense we would have expected TGOT mediated depolarization of nearby
interneurons to produce clear increases in sSIPSC frequency, but not amplitude. In attempting
to understand the mechanism through which sIPSC amplitude is also potentiated, we believe
we can largely rule out postsynaptic effects on GABAx receptor conductance or expression,
or other alterations in postsynaptic membrane resistance or active transport mechanisms,
because acute application of TGOT does not similarly increase the amplitude (or frequency)
of miniature IPSCs recorded in the presence of 1 uM TTX. One possible presynaptic
mechanism for producing action potential dependent increases in sSIPSC amplitude is
through frequency-dependent facilitation, leading to calcium dependent increases in quantal
content. While glutamatergic hippocampal pyramidal cells display robust synaptic
facilitation (Chamberland et al., 2014), we believe this mechanism is unlikely to contribute
to our results because fast-spiking inhibitory interneurons in general have low quantal
content, and relatively high initial release probability, and as such are more likely to produce

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harden and Frazier

Page 12

frequency dependent depression than facilitation (Larimer and Strowbridge, 2008; Lindsly
and Frazier, 2010; Owen et al., 2013). In our opinion, a more likely possibility is that TGOT
enhances sIPSC amplitude in our experiments because it preferentially increases or initiates
firing in a population of hilar neurons that selectively innervate mossy cell somata and
proximal dendrites. Previous studies have indicated that some GABAergic hilar neurons do
indeed preferentially target mossy cells at perisomatic locations (Acsady et al., 2000;
Larimer and Strowbridge, 2008), and this hypothesis is also consistent with our own
anatomical data on TGOT responsive neurons presented here. Further, a similar mechanism
was theorized to underlie TGOT-mediated increases in sSIPSC amplitude observed in CAl
pyramidal neurons, as described by (Zaninetti and Raggenbass, 2000) and further supported
morphologically by (Owen et al., 2013).

Second, the use of immunohistochemical approaches to identify the neurochemical
phenotype in TGOT responsive hilar interneurons is worthy of some additional
considerations. Immunohistochemical description of TGOT-responsive hilar interneurons is
desirable, because the combination of electrophysiological and morphological features
observed here does not easily categorize them into any single existing class of hilar
interneurons that has been previously described in the literature (e.g. see Freund and
Buzsaki, 1996; Hosp et al., 2014; Lubke et al., 1998; Mott et al., 1997; Spruston et al.,
1997). Previous work has demonstrated that CCK- and PV-expressing fast-spiking
interneurons monosynaptically release GABA onto principal neurons of the HPF (Bartos
and Elgueta, 2012), including mossy cells (Acsady et al., 2000). Of these, Acsady et al.
(2000) suggested that CCK neurons were more likely to provide perisomatic innervation of
mossy cells, which in combination with the effect on sSIPSC amplitude discussed above,
suggested the possibility that TGOT responsive hilar interneurons may express CCK. On the
other hand, Owen et al. (2013), demonstrated that optogenetic activation of P\V-expressing
fast-spiking interneurons in CA1 (using a PV-Cre transgenic mouse line) closely mimicked
TGOT-mediated changes in GABA signaling observed in hippocampal pyramidal cells.
Nevertheless, our own immunohistochemical data (Supplemental Fig. 1) suggests that at
least a subset of TGOT responsive hilar interneurons are not immunoreactive for CCK or
PV. The lack of immunoreactivity observed here could potentially be explained if PV or
CCK were dialyzed out of the cell during whole cell recording. Alternatively, cytoplasmic
loading of biocytin may have resulted in masked immunoreactivity (a phenomenon
Scharfman et al. (1989) has demonstrated occurs in hippocampal interneurons).. To
overcome any immunohistochemical challenges related to cytoplasmic dialysis, future
studies using cell-attached or loose-cell recordings to facilitate electrophoretic loading of
biocytin while minimally disrupting the intracellular milieu (Joshi and Hawken, 2006) may
be of use. However, it is important to note that in addition to CCK and PV, there also exist
irregular firing hilar interneurons which express choline acetyltransferase (ChAT),
vasoactive intestinal peptide (VIP), neuropeptide Y (NPY), somatostatin (SOM/SST),
calbindin (CB), and calretinin (CR) (Fu and van den Pol, 2007; Porter et al., 1998;
Savanthrapadian et al., 2014; Tepper et al., 2010; von Engelhardt et al., 2007). Thus,
immunohistochemical labeling of additional protein markers, or single cell RT-PCR
performed on carefully extracted cytoplasm may ultimately be necessary to reveal the
complex neurochemical phenotype(s) of TGOT responsive hilar interneurons.
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Third and more broadly, the mechanism of TGOT mediated depolarization, the phenotype of
the underlying receptor, and the identity and availability of the endogenous agonist are also
interesting topics to consider. In brief, if the mechanism of depolarization in TGOT
responsive hilar interneurons is similar to the few published precedents (Gravati et al.,
2010), future studies may find that TGOT mediated depolarization of hilar interneurons
involves raised intracellular calcium and increased sodium permeability mediated by Gg/11
activation of an inositol 1,4,5-trisphosphate / diacyl glycerol signaling cascade. In terms of
the underlying receptor, we believe the data presented here makes a strong case that the
reported effects of TGOT in the hilus are in fact mediated by activation of OXT-Rs. Indeed,
TGOT, the OXT-R agonist employed in our experiments, demonstrates selectivity for OXT-
R over VP receptors that is greater than 100,000:1 (Muhlethaler et al., 1983). Similarly, the
possibility that TGOT is acting off target at a non-OXT or VP receptor seems remote due to
the fact that our effects were completely eliminated by the OXT-R antagonist dOVT at a
concentration commonly employed in other studies (e.g. Owen et al., 2013). With regard to
the endogenous agonist, we believe it is very likely that endogenous OXT ultimately leads to
activation OXT-Rs on hilar interneurons and modulation of GABA release in the dentate
gyrus similar to that demonstrated here. That said, it should be noted that OXT-Rs are known
to be partially activated by VP (Gimpl and Fahrenholz, 2001; Gravati et al., 2010; Manning
etal., 2012; Stoop, 2012), that VP-immunoreactive axons, as well as OXT-reactive axons,
are also observed in the hilus of rats (Knobloch et al., 2012; Zhang and Hernandez, 2013),
and that VP, as well as OXT, is present in the CSF at physiologically relevant concentrations
in humans (Carson et al., 2015a; Carson et al., 2015b; Clark et al., 2013; Jokinen et al.,
2012; Lee et al., 2009; Sundquist et al., 1983). Indeed, the presence of these peptides in the
CSF at physiologically relevant concentrations suggests a potential role for volume
transmission via the cerebroventricular system in the activation of extra-hypothalamic OXT-
Rs. Furthermore, there is also evidence indicating that hypothalamic OXT-synthesizing
neurons send direct axonal projections into many distant brain regions, including the
hippocampus (Audigier and Barberis, 1985; Buijs and Swaab, 1979; Grinevich et al., 2016;
Knobloch et al., 2012; Uvnas-Maberg et al., 2014; Zimmerman et al., 1984). Future studies
using transgenic/optogenetic approaches may be able to more definitely determine the extent
to which endogenous OXT and/or VP may drive inhibitory transmission in the dentate gyrus
through activation of OXT-Rs, and may also be useful in further revealing and defining
specific roles for intraventricular volume transmission, conventional synaptic transmission,
and extrasynaptic signaling via axonally released peptides (e.g. see Landgraf and Neumann,
2004).

Finally, with respect to fully understanding the functional implications of OXT-R activation
and the resultant GABA release in the dentate gyrus, we readily acknowledge there is much
additional, and quite possibly exciting work left to be done. Local circuit neurons with
similar intrinsic properties to those found in TGOT responsive hilar interneurons are found
in several areas outside of the hilus (Markram et al., 2004). Like those described here,
stuttering fast-spiking interneurons in other systems often demonstrate peri-threshold
oscillations (Bracci et al., 2003). Such oscillations likely result from activation of an
intrinsic voltage gated sodium conductance, and have been hypothesized to facilitate theta-
frequency bursts of action potentials (Dorval and White, 2005). Through this type of
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mechanism, activation of OXT-Rs in hilar interneurons may be involved in shaping spike
timing in local excitatory circuits. Similarly, it is likely that TGOT responsive mossy cell
targeting hilar interneurons participate in feedforward inhibition and help protect mossy
cells from excitotoxicity. From that perspective, well timed activation of OXT-Rs could be
neuroprotective, and help control runaway hyperexcitability that leads to epileptogenesis.
Generally consistent with that idea, (Owen et al., 2013) demonstrated in CA1 that TGOT
decreases spontaneous action potential firing of pyramidal neurons, however importantly,
this phenomenon was also was observed concurrently with an increase in spike fidelity.
Thus, it is also worth considering more subtle ways OXT-R activation in the hilus could
selectively enhance or inhibit information flow early in the hippocampal trisynaptic circuit.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Morphological and electrophysiological identification of mossy cells
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(a) Combined DIC (grayscale) and fluorescent (magenta) micrograph depicting a recorded
hilar mossy cell (arrow). (b) DIC image of a representative mossy cell (asterisk) in whole-
cell configuration. (c) Fluorescent micrograph of a biocytin-filled mossy cell reveals thorny
excrescences (arrows) on proximal dendrites. (d) Depth-coded all-in-focus two-photon
reconstruction of the same mossy cell reveals characteristic morphology. (€) Voltage traces
(top) in response to increasing current steps (bottom) of a representative mossy cell. Mossy
cells display a prominent sag current (left arrow) in response to a large hyperpolarizing
current step, which is accompanied with a sustained depolarization for over one second
(right arrow) following termination of the hyperpolarizing pulse. Mossy cells have a slow
spiking and accommodating (accommodation ratio 4.0) firing pattern. (f) Current traces
(top) in response to increasing voltage steps (bottom) reveals the same hyperpolarization
activated excitatory current (left arrow) which persists for over one second (right arrow)
following termination of the hyperpolarizing pulse. (g) Current / voltage relationship, (h)
membrane resistance / voltage relationship, (i) action potential gain function, and (j)
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accommodation ratio for all putative mossy cells recorded (MC) compared to hon-mossy
stuttering-type hilar interneurons (STUT).
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Figure 2. TGOT increases sI PSC frequency and amplitude in mossy cells
(a) Representative current traces from a mossy cell voltage clamped at =70 mV with a high

CI™ internal solution immediately before bath application of 200 nM TGOT (green trace),
during maximum TGOT effect (blue trace), and 15 minutes following TGOT exposure (red
trace). (b) Cumulative probability histogram showing instantaneous frequency for all sSIPSCs
recorded for two minutes before and two minutes following TGOT-exposure in a
representative hilar mossy cell. (c) Change in sIPSC frequency produced by TGOT in the
absence (blue trace, n=10) and presence (green trace, n=4) of dOVT, a selective OXT-R
antagonist. (d) Cumulative probability histogram constructed using sIPSC amplitudes for all
SIPSCs recorded for two minutes before and two minutes following TGOT-exposure in a
representative hilar mossy cell. (€) Effect of TGOT on sIPSC amplitude averaged across 4
cells in the absence (blue trace) and presence (green trace) of dOVT. (f) Average sIPSC
shape before drug application (green) and during TGOT exposure (blue) of a representative
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mossy cell. (g) Average sIPSC normalized to peak amplitude. Traces in (c) and (e) indicate
mean (solid line) +/- standard error (shaded region). [In C and E: blue n=10, green n=8]
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Figure 3. Common features of putative TGOT responsive hilar interneurons
(a) TGOT responsive hilar interneurons have small, smooth, ovoid soma as viewed under

DIC optics (arrow) as compared to putative mossy cells (asterisks). (b) Current traces (top)
in response to voltage steps (bottom) reveal a slowly-activating, quickly inactivating
excitatory hyperpolarization-activated current (left arrow) which does not persist following
return to resting voltage (right arrow). (c) Voltage traces (top) in response to current pulses
(bottom) of a typical TGOT responsive hilar interneuron reveals this same current as a
prominent sag (left arrow) but a rapid return to resting voltage (right arrow) following
cessation of the current pulse. Peri-threshold oscillations are also frequently observed.
TGOT responsive hilar interneurons are fast spiking (>40Hz steady state firing frequency)
with little accommodation. (d) Spontaneous action potential of a TGOT responsive hilar
interneuron reveals an AP threshold near —40 mV and a prominent afterhyperpolarization
(AHP) of approximately 20 mV which persists for approximately 100 ms. Horizontal dotted
line depicts average resting potential. (€) Magnified view of the action potential reveals a
narrow half-width (defined as the time that the voltage exceeded the value observed halfway
between threshold and peak).. (f) First-derivative of the action potential displays a
characteristic large repolarization velocity (in excess of 60mV/ms). (g) Phase diagram
combining data from (d) and (e). (h) Stuttering behavior of TGOT responsive hilar
interneuron is elicited in response to +50pA continuous current injection. Perithreshold
oscillations are visible between bursts of action potentials.
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Figure 4. Excitatory nature of OXT-R activation in TGOT-responsive hilar interneurons ()
(a) Voltage trace of a representative TGOT responsive HILAR INTERNEURON. Brief

TGOT exposure is sufficient to depolarize this cell from total quiescence (green) to a
suprathreshold potential inducing continuous firing (blue, 60s later). (b) Average change in
action potential (AP) frequency in all TGOT responsive hilar interneurons recorded in
current-clamp mode. (c) In voltage clamp configuration, brief exposure to TGOT induces an
excitatory current which can be repeated a second time following a 20 minute washout
period (blue). In TGOT responsive hilar interneurons, application of dOVT completely
abolishes response to subsequent application of TGOT (green). (d) Average current response
of TGOT responsive hilar interneurons (blue, n=25) and TGOT unresponsive hilar
interneurons (gray, n=14). (€) TGOT response occurs in the presence of tetrodotoxin (TTX).
(f) Magnitude of TGOT response compared across experimental groups. TGOT: first TGOT
exposure; TTX: first TGOT exposure in presence of TTX; TGOT2: second exposure of
TGOT; dOVT: second exposure of TGOT in presence of dOVT; TU-HIN response of a
TGOT unresponsive hilar interneuron. Data presented in panels B-E are baseline-subtracted
to the 2-minute period prior to TGOT exposure. *p < 0.05
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Figure 5. Comparison of electrophysiological propertiesof TR vs TU stuttering fast spiking hilar
interneurons

(a) Stuttering hilar interneurons often fire regular trains of action potentials when

depolarized by strong current injection (blue). In response to this stimulation paradigm,
TGOT unresponsive hilar interneurons (TU-HIN, black) commonly present with spike
accommodation. TGOT responsive hilar interneurons (TR-HIN, red) show little
accommodation and demonstrate a higher steady state firing frequency in response to the
same stimulus. (b) Steady state currents in response to a series of voltage steps in TGOT
responsive (TR) and TGOT unresponsive (TU) hilar interneurons. (c) Action potential gain
function and, (d) accommodation ratio in response to increasing current steps. Action
potential (e) afterhyperpolarization magnitude, (f) half-width, and (g) repolarization velocity
from TGOT responsive vs. TGOT unresponsive hilar interneurons. *p=<.05
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B

GRANULE CELL LAYER

Figure 6. Morphology of typical TGOT-responsive fast-spiking interneuron
(a) Montage of multiple all-in-focus maximum-projection two-photon micrographs reveal a

biocytin-filled TGOT responsive hilar interneuron neuron which exhibited typical stuttering
firing behavior in current-clamp configuration (green inset) and a >20pA excitatory current
in response to TGOT exposure in voltage-clamp configuration (cyan inset). Boxes in panel
A highlight features of interest that are enlarged in panels B-D. Specifically, TGOT
responsive hilar interneurons are often observed with axonal extensions which project to and
beyond the granule cell layer (b) in addition to a dense network of varicose axons extending
throughout the deep hilus (c). Frequently TGOT responsive hilar interneurons are observed
with a projecting dendrite which extends beyond the granule cell layer, and terminates in the
outer molecular layer (d).
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Figure 7. Anatomical Evidence of TGOT responsive hilar interneuron/mossy cell synapse
Hilar mossy cells were targeted for electrophysiological characterization in whole-cell

configuration using DIC optics and filled with biocytin (A). Next, an adjacent stuttering hilar
interneuron was targeted (B) and demonstrated to be TGOT responsive, as seen by an
increase in action potential frequency following TGOT exposure (inset trace in C).
Following histological labeling, 3D two-photon imaging (D) reveals detailed fine
morphology of the large biocytin-filled mossy cells and the smaller TGOT responsive hilar
interneuron, presented here as depth-coded maximum projection (with red/blue structures
toward the surface of the slice, and green/yellow structures deeper in the tissue). A limited
projection of 2 optical sections (D) reveals a varicose axon from the TGOT responsive hilar
interneuron (arrow) in close approximation with the soma and proximal dendrites of an
adjacent mossy cell.
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