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Systems/Circuits

Mossy Cells in the Dorsal and Ventral Dentate Gyrus Differ
in Their Patterns of Axonal Projections

Carolyn R. Houser,'? Zechun Peng,! ““Xiaofei Wei,” Christine S. Huang,! and “Istvan Mody>*
"Department of Neurobiology, *Department of Neurology, and *Brain Research Institute, David Geffen School of Medicine at the University of
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Mossy cells (MCs) of the dentate gyrus (DG) are a major group of excitatory hilar neurons that are important for regulating
activity of dentate granule cells. MCs are particularly intriguing because of their extensive longitudinal connections within
the DG. It has generally been assumed that MCs in the dorsal and ventral DG have similar patterns of termination in the
inner one-third of the dentate molecular layer. Here, we demonstrate that axonal projections of MCs in these two regions are
considerably different. MCs in dorsal and ventral regions were labeled selectively with Cre-dependent eYFP or mCherry, using
two transgenic mouse lines (including both sexes) that express Cre-recombinase in MCs. At four to six weeks following uni-
lateral labeling of MCs in the ventral DG, a dense band of fibers was present in the inner one-fourth of the molecular layer
and extended bilaterally throughout the rostral-caudal extent of the DG, replicating the expected distribution of MC axons.
In contrast, following labeling of MCs in the dorsal DG, the projections were more diffusely distributed. At the level of trans-
fection, fibers were present in the inner molecular layer, but they progressively expanded into the middle molecular layer
and, most ventrally, formed a distinct band in this region. Optical stimulation of these caudal fibers expressing ChR2 demon-
strated robust EPSCs in ipsilateral granule cells and enhanced the effects of perforant path stimulation in the ventral DG.
These findings suggest that MCs in the dorsal and ventral DG differ in the distribution of their axonal projections and possi-
bly their function.
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Mossy cells (MCs), a major cell type in the hilus of the dentate gyrus (DG), are unique in providing extensive longitudinal and
commissural projections throughout the DG. Although it has been assumed that all MCs have similar patterns of termination
in the inner molecular layer of the DG, we discovered that the axonal projections of dorsal and ventral MCs differ. While ven-
tral MC projections exhibit the classical pattern, with dense innervation in the inner molecular layer, dorsal MCs have a more
diffuse distribution and expand into the middle molecular layer where they overlap and interact with innervation from the
perforant path. These distinct locations and patterns of axonal projections suggest that dorsal and ventral MCs may have dif-
ferent functional roles. /

their major inputs from dentate granule cells, semilunar granule
cells, and pyramidal cells of CA3 (Amaral, 1978; Frotscher et
al., 1991; Scharfman, 2007; Williams et al., 2007). MCs in turn
form excitatory contacts on granule cells and interneurons and,
through these connections, can exert either excitatory or inhib-
itory influences on dentate granule cells (Scharfman, 1995;
Wenzel et al.,, 1997). MCs are considered to play a major role
in controlling activity of granule cells and thus contribute to

ignificance Statement

Introduction

Mossy cells (MCs) are a prominent group of glutamatergic neu-
rons in the hilus of the dentate gyrus (DG) that are ideally posi-
tioned to regulate activity of dentate granule cells. They receive
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the processes of learning and memory, including spatial learn-
ing and pattern separation (Buckmaster and Schwartzkroin,
1994; Scharfman, 2016; Nakazawa, 2017). However, much
remains to be learned about their function and related ana-
tomic organization.

Among neurons of the DG, MCs are unique in forming longi-
tudinal connections within the dentate, expanding beyond the
lamella in which they are located and forming links with neurons
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in distant levels of the DG (Buckmaster et al., 1996). By linking
neurons at different levels, MCs can transform the two-dimen-
sional DG, based on its primarily lamellar organization, into a
functional three-dimensional unit (Amaral and Witter, 1989).
Understanding these longitudinal connections has become
increasingly important as more is learned about the functional
subdivisions within the hippocampus and DG (Bannerman et al.,
2004; Kheirbek et al., 2013; Strange et al., 2014), and MCs could
be critical for interconnecting these functionally distinct regions
of the DG. The longitudinal connections are also important to
consider as MCs can now be studied selectively in awake, behav-
ing animals in which distant MC connections remain intact
(Danielson et al., 2017; GoodSmith et al., 2017, 2019; Senzai and
Buzsaki, 2017; Jung et al., 2019). Although the commissural and
associational projections of the DG have been described previ-
ously in numerous anatomic studies using silver degeneration
and autoradiographic tracing methods (Zimmer, 1971; Gottlieb
and Cowan, 1973; Swanson et al., 1978; Laurberg and Serensen,
1981), it has been difficult to relate the extensive axonal projec-
tions directly to the MCs of origin, because of the lack of specific-
ity of the labeling methods. Likewise, it has not been possible to
compare the projections from different groups of MCs in the
same animal.

The availability of transgenic mice that express Cre-recombi-
nase (Cre) in MCs of the DG has made it possible to label the cell
bodies of MCs selectively in specific regions of the DG and study
their projections. The goals of this study were to determine the
distribution of MC fibers throughout the DG and compare
the axonal projections of MCs of dorsal and ventral regions. In the
process, we discovered that MCs in dorsal and ventral regions of
the dentate have different patterns of axonal projections. These
differences could potentially be associated with different func-
tional roles. Preliminary reports of some of these findings have
been presented previously in abstract form (Houser et al., 2019).

Materials and Methods

Animals

Two transgenic mouse lines that express Cre relatively selectively in
MCs of the DG were used in this study. The Calcrl-Cre mouse, also
referred to as MC/CA3-Cre mouse, expresses Cre under the control of
the murine calcitonin receptor-like promoter and was generated and
characterized by Nakazawa and colleagues (Jinde et al., 2012). Material
for re-derivation of the Calcrl-Cre mice was generously provided by
Nakazawa, and a breeding colony was established. These mice are now
available from The Jackson Laboratory (C57BL/6N-Tg(Calcrl,cre)
4688Nkza/], JAX stock #023014). The Drd2-Cre mouse expresses Cre
under the control of the dopamine D2 receptor promoter and was gen-
erated by Gene Expression Nervous System Atlas (GENSAT; Gong et
al., 2003). Labeling patterns were characterized in detail by Gangarossa
et al. (2012). Drd2-Cre mice were obtained from the Mutant Mouse
Resource and Research Centers (MMRRC), Mouse Biology Program at
the University of California, Davis (B6.FVB(Cg)-Tg(Drd2-cre)ER44Gsat/
Mmucd, stock #032108-UCD).

Mice (male and female) were two to three months of age at the time
of transfection and were studied at four to six weeks following transfec-
tion (n =14 Calcrl-Cre mice and n = 5 Drd2-Cre mice for anatomic stud-
ies; and n= 9 Calcrl-Cre mice for optogenetic/electrophysiological
studies). All animal use protocols conformed to the National Institutes
of Health guidelines and were approved by the University of California,
Los Angeles, Chancellor’s Animal Research Committee.

Viral vector injections

To selectively label MCs in the hilus of the DG, Calcrl-Cre or Drd2-Cre
mice were transfected with Cre-dependent double-floxed recombinant
adeno-associated viral (AAV) vectors containing constructs encoding
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either eYFP or mCherry for neuroanatomical studies or ChR2-eYFP for
optogenetic/electrophysiological studies. The viral vectors for eYFP (AAV
DJ-EF1a-DIO eYFP) and mCherry (AAV DJ-EF1a-DIO mCherry) were
obtained from the Neuroscience Gene Vector and Virus Core, Stanford
University. The construct for ChR2-eYFP, 2/9.EF1a.DIO.hChR2(H134R)-
EYFP.WPREHGh (Addgene plasmid #20298) was kindly made available
by Karl Deisseroth, and the AAV vector was produced by the Penn Vector
Core in the School of Medicine Gene Therapy Program at the University of
Pennsylvania.

For transfections, mice were anesthetized with isoflurane, and Cre-
dependent viral vectors were stereotaxically injected in the dorsal and/or
ventral DG with a Nanoject II injector (Drummond Scientific), using
glass pipettes. A small animal stereotaxic instrument with digital display
console (Model 940; Kopf Instruments) was used for precise positioning
of the pipette in the hilus. For neuroanatomical studies, injections were
made unilaterally in the hilus (right side), at either rostral or caudal levels
(eYFP for each) or at both locations in the same animal (mCherry ros-
tral; eYFP caudal). The goal was to label the rostral or caudal group of
MCs as completely as possible and avoid extensive overlap of labeling in
the middle region of the DG in double labeling studies. Optimal stereo-
taxic coordinates were experimentally determined. Rostral injections
were made at two sites in close proximity to each other [—1.8 anteropos-
terior (AP), 1.0 mediolateral (ML), 2.2 dorsoventral (DV); and —2.0 AP,
1.2 ML, 2.1 DV; Fig. 1A-C; Paxinos and Franklin, 2019]. Caudal injec-
tions were made at two sites (—3.5 AP, 2.6 ML, 3.0 DV; and —3.8 AP,
2.6 ML, 3.7 DV; Fig. 1A,D,E). The injection volumes were 69-92 nl at
each site (23-nl increments X three to four injections). Following the
injection at each anteroposterior location, the pipette was left in position
for 5min before it was slowly retracted from the brain. Animals for the
electrophysiological studies were similarly transfected for ChR2-eYFP at
rostral sites only.

Tissue preparation for light microscopy

All mice used for neuroanatomical studies were deeply anesthetized with
Fatal-Plus (90 mg/kg, i.p.) and perfused transcardially with 4% parafor-
maldehyde in 0.12 M phosphate buffer (pH 7.3). After 1 h at 4°C, brains
were removed and postfixed for 1 h. After rinsing, brains were cryopro-
tected in a 30% sucrose solution overnight, embedded in OCT com-
pound (Sakura Finetek), frozen on dry ice, and sectioned at 30 um with
a cryostat (CM 30508, Leica Microsystems). For detailed comparisons of
MC projections at dorsal and ventral levels, brains were sectioned coro-
nally through the rostral (dorsal) half and then horizontally through the
caudal (ventral) half of the hippocampus (Fig. 1A). To determine the
patterns of labeling in sections cut in the same plane throughout the DG,
the hippocampus was removed, elongated, and sectioned transversely
through the entire length of the DG. To demonstrate the labeling pat-
terns in typical coronal sections, some brains were sectioned coronally
through the entire hippocampus.

Sections at 300-um intervals through the entire length of the DG
were mounted on slides for confocal microscopy without further
enhancement of eYFP or mCherry, as described previously (Peng et al.,
2013). Adjacent series of sections were stained with cresyl violet for gen-
eral histology. For some studies, additional sections were labeled with
4',6-diamidino-2-phenylindole (DAPI) to demonstrate the granule cell
layer. These sections were mounted on slides; NucBlue Fixed Cell Stain
Ready Probes, DAPI Special Formulation, was applied to the tissue
(Invitrogen); and slides were coverslipped with DAPI Fluoromount-G
mounting media (SouthernBiotech).

Antisera

To characterize the eYFP-labeled neurons in the hilus, sections were
double labeled for either GluA2, an AMPA receptor subunit that is
expressed in most principal cells of the telencephalon, including MCs,
but not in GABA neurons in the hippocampus (Leranth et al., 1996;
Petralia et al., 1997), or calretinin, an established marker of a subgroup
of MCs (Liu et al., 1996; Blasco-Ibanez and Freund, 1997). A rabbit poly-
clonal antiserum to GluA2 (previously referred to as GluR2; Millipore,
AB1768) and a mouse monoclonal antibody to calretinin (Millipore,
MABI1568) were used for immunofluorescence labeling. The specificity
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Figure 1.

Locations of the transfections and planes of section used for histologic analysis are illustrated diagrammatically and in Nissl-stained sections of the hippocampus. 4, Transfections

were made at two sites in the rostral (dorsal) and two sites in the caudal (ventral) DG. In double-labeled experiments, transfections for mCherry (red dots) were made rostrally, and those for
eYFP (green dots) were made caudally. B—E, AP levels of the transfections are illustrated in coronal sections, progressing from the most rostral (B) to most caudal (E), and correspond to coordi-
nates described in the text. Planes in D, E indicate the locations of the horizontal sections. F, G, For histologic analysis, the ventral hippocampus was sectioned in the horizontal plane, with the
section in F corresponding to the region transected by the plane in D, and the section in G corresponding to the region transected by the plane in E. When sectioned in the horizontal plane,
the rostral (anterior) region of the ventral DG has an elongated shape (F), and the more caudal region assumes a C-shape (G). The image of the hippocampus (4) and planes of section for the
horizontal images (F, G) are based on data from the Allen Brain Atlas, Explorer 2. Scale bars: 500 um (B—E) and 200 um (F, G).

of these antisera has been demonstrated previously (Sans et al., 2003;
Fuentes-Santamaria et al., 2005; Jiao and Nadler, 2007).

Double immunofluorescence labeling

For double-labeling studies, either GluA2 or calretinin was localized
with immunofluorescence methods in sections from animals previously
transfected for eYFP. For both sets of studies, sections were incubated
for 2 h in 10% normal goat serum to block nonspecific binding sites and
0.3% Triton X-100 to increase reagent penetration. Sections were incu-
bated in primary antisera (GluA2 1:100; or calretinin 1:20,000) for 72 h.
Sections were then incubated in secondary antiserum (goat anti-rabbit
or goat anti-mouse IgG conjugated to Alexa Fluor 555; Invitrogen) for 4
h at room temperature, mounted on slides, and coverslipped with anti-
fade medium ProLong Diamond (Invitrogen).

Analysis of morphologic data

Fluorescence-labeled sections were scanned with an LSM 880 (Carl
Zeiss) confocal microscope, and confocal images were analyzed with
Zen 2, black edition, software (Carl Zeiss). For detailed analysis of eYFP
or mCherry in the hilus, confocal Z-stack images (1-um optical thick-
ness) were acquired (excitation spectra 488 and 555nm). In sections
with both eYFP and mCherry labeling in the same section, optical slices
were scanned separately for each label, alternating between the two
channels in each section through the Z-stack. For comparing labeling at
different levels of the DG or between the two sides of the same section,
sections were imaged with identical conditions. All eYFP and mCherry
labeling described in this study was from the transfection-induced
expression of the fluorescent proteins and was not enhanced by immu-
nofluorescent labeling. In a subset of animals with double labeling, the
width of the projections from dorsal and ventral MCs was measured in
the suprapyramidal (enclosed) blade of the DG at four representative
levels (two dorsal and two ventral) using the measuring tool in the Zen

(black edition) software. The widths of the molecular layer and each
projection were determined (three measurements of each projection at
each level in four animals), and the percentages of the molecular layer
occupied by the labeled bands were calculated. Measurements were
made bilaterally at dorsal levels but only ipsilaterally at ventral levels as
variable labeling on the contralateral side limited the accuracy of the
measurements.

Terminology and planes of section for neuroanatomical studies

Despite interest in the characteristics of the dorsal and ventral hippo-
campus, there is currently no precise way to distinguish these regions
anatomically. In this study, the dorsal DG was defined operationally as
the rostral (anterior or septal) one-half of the DG, and the ventral den-
tate was defined as the caudal (posterior or temporal) one-half, in rela-
tion to the entire longitudinal axis of the DG. In coronal sections, the
dorsal dentate corresponded to AP coordinates —1.0 to —2.5 (in relation
to bregma), and ventral dentate corresponded to coordinates —2.7 to
—4.0 (Paxinos and Franklin, 2019). To allow the most complete analysis
of both regions, dorsal regions of the DG were studied in the coronal
plane while ventral regions were studied in the horizontal plane (Fig.
1A-G). In photomicrographs of sections in the horizontal plane, the
more rostral (anterior) regions of the ventral DG have an elongated
shape while more caudal (posterior) regions assume a C-shape with an
expanded hilus (Fig. 1F,G). Locations of the horizontal sections in rela-
tion to coronal sections through the hippocampus are illustrated in
Figure 1D-G.

Hippocampal slice preparation for electrophysiology

Briefly, mice were anesthetized with isoflurane and decapitated following
University of California, Los Angeles, Chancellor’s Animal Research
Committee protocol. Horizontal 350-um slices were cut on a Leica
VT1000S vibratome in ice-cold N-methyl-p-glutamine (NMDG)-based
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HEPES-buffered solution, containing the following: 135 mm NMDG, 10
mM D-glucose, 4 mm MgCl,, 0.5 mm CaCl,, 1 mm KCl, 1.2 mm KH,PO,,
20 mm HEPES, and 27 mum sucrose (bubbled with 100% O,, pH 7.4, 290—
300 mOsm/l). Then, slices were incubated at 32°C in a reduced sodium
artificial CSF (ACSF), containing the following: 85 mm NaCl, 25 mm p-
glucose, 55 mum sucrose, 2.5 mm KCl, 1.25 mm NaH,PO,, 0.5 mm CaCl,,
4 mm MgCl,, and 26 mm NaHCO;, pH 7.3-7.4 when bubbled with 95%
0,, 5% CO,. After 30 min, low sodium ACSF was substituted for normal
ACSF at room temperature, containing the following: 126 mm NaCl, 10
mM D-glucose, 2 mm MgCl,, 2 mm CaCl,, 2.5 mm KCl, 1.25 mm
NaH,POy,, 1.5 mm Na pyruvate, 1 mm r-glutamine, and 26 mm NaHCO;,
pH 7.3-7.4 when bubbled with 95% O,, 5% CO,. For recording, brain
slices were transferred to a submerged recording chamber at 34°C and
perfused at 5 ml/min with ACSF. All salts were purchased from Sigma-
Aldrich.

Patch clamp recordings

To characterize the effects of dorsal MC projections on ventral dentate
granule cells, we performed whole-cell patch clamp recordings under
voltage and current clamp conditions in horizontal brain slices. We
evoked EPSCs and EPSPs in granule cells by optically stimulating the
MC fiber projection in hippocampal slices where no MC body labeling
was present.

Slices were visualized under an IR-DIC upright microscope, and
whole-cell recordings were performed with borosilicate patch pipettes
(4-6 M) containing an internal solution (ICS) with the following: 140
mM Cs-met, 2 mm MgCl, 10 mm HEPES, 0.2 mm EGTA, 2 muM Na,-
ATP, 0.2 mm Na,-GTP for voltage clamp recording, and 135 mm K-met,
5 mm KCl, 2 mm MgCl, 10 mm HEPES, 0.2 mm EGTA, 2 muM Na,-ATP,
0.2 mM Na,-GTP for current clamp recording. The pH of the ICS was
adjusted to 7.2 with CsOH or KOH, and its osmolarity was 285-290
mOsm/l. ICS was stored at —80°C and kept on ice during the experi-
ment. Recordings were obtained using an Axopatch 200B amplifier
(Molecular Devices), low-pass filtered at 5 kHz (Bessel, 8-pole) and digi-
tized at 10kHz with a National Instruments data acquisition board
(BNC 2110). All data were acquired with EVAN (custom-designed
LabView-based software).

Stimulation

Optogenetic stimulation was performed via an optical fiber (200 pm di-
ameter), with its tip positioned just above the DG molecular layer. The
light source consisted of a 430- to 490-nm blue diode laser (SLOC
Lasers) driven by a National Instruments USB multifunction I/O device
(USB 6221). The duration of light pulse was 5ms. The electrical stimula-
tion was performed on the perforant path fibers located outside the hip-
pocampal fissure. The pulse duration was 150 ps, the inter-pulse interval
was at least 30 s, and constant current intensity ranged between 0.1 and
1mA. A stimulus isolator (A365, World Precision Instruments) was the
electrical source and also driven by the USB 6221. All stimulation wave-
forms were programmed by WinWCP (Strathclyde Electrophysiology
Software).

Experimental design and statistical analysis

Twenty-one animals were used in the descriptive neuroanatomical stud-
ies (17 males and four females). In all animals, the entire length of the
DG was imaged and analyzed with confocal microscopy at a minimum
of 300-pm intervals. Measurements of the width of labeled projections
from both dorsal and ventral MCs were made in four animals (three
males and one female) at four levels (three measurements at each
level = 12 measurements per level). Mean widths and standard deviations
were determined with Excel 2016.

For the electrophysiological studies, recordings were collected from
nine mice, with four mice (three males and one female) used for voltage
clamp and five mice (two males and three females) used for current
clamp studies. For the measurements and analyses, evoked responses
were detected and measured by EVAN (in-house LabView-based soft-
ware), and the arithmetic sum of traces was determined by using Igor
Pro 6.2 (WaveMetrics). All data are presented as mean = SEM, and cell
or slice numbers are indicated. Statistical calculations and analyses were
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done in GraphPad Prism 6 (GraphPad) and Excel 2016, using two-tailed
Fischer’s exact test, Wilcoxon paired-rank test, two-tailed Mann-
Whitney test or non-parametric Kruskal-Wallis test as indicated.
Significance level was set to p < 0.05. Exact p values for significance lev-
els are indicated in the text and/or figures. Figures were prepared using
Igor Pro 6.2 and Adobe Illustrator CC 2017.

Results

MCs were specifically labeled in two transgenic mouse lines
Two transgenic mouse lines that express Cre relatively selectively
in MCs were transfected with Cre-dependent constructs for ei-
ther fluorescent markers (eYFP or mCherry) or channelrhodop-
sin (ChR2) to determine the characteristics of labeled MCs and
their projections within the DG.

Initial studies in both mouse lines confirmed the specificity of
Cre expression in MCs throughout the rostral-caudal extent of
the DG as well as the effectiveness of the transfection methods
used in this study. While labeling was generally specific for MCs
(Gangarossa et al., 2012; Jinde et al., 2012), each mouse line
exhibited some extraneous labeling in the hippocampus. In the
Calcrl-Cre mouse, CA3c pyramidal cells were also labeled in
some mice, as described previously (Jinde et al., 2012). The
extent of CA3c labeling varied among animals and among levels
of the DG in the same animal. To reduce the possibility of
CA3c labeling, we only used mice that were over two months of
age at the time of transfection, as labeling of CA3c neurons
decreases by eight weeks in these mice (Jinde et al., 2012). In
the Drd2-Cre mouse, scattered interneurons were labeled in the
DG and hippocampus in some sections, as described previously
(Puighermanal et al., 2015). However, because of the size and
locations of these neurons, this labeling could be distinguished
from that of MCs and did not affect the major findings. Some
CA3c pyramidal cell labeling was also observed occasionally in
the Drd2-Cre mice, although less frequently than in the Calcrl-
Cre mouse. Beyond these slight differences in extraneous label-
ing, specific labeling of MCs within the regions of transfection
was extensive in both mouse lines. Importantly, both mouse
lines expressed Cre in MCs throughout the DG and thus Cre-
expressing cells were not biased toward dorsal or ventral
regions. Results from both mouse lines are described inter-
changeably in the following descriptions.

Dorsal and ventral MCs differ in their morphologic and
neurochemical characteristics

At four to six weeks posttransfection, numerous medium to large
eYFP-expressing neurons were evident at both dorsal and ventral
levels of the DG (Fig. 2A4,D,G,J). To confirm the putative gluta-
matergic phenotype of these neurons, the sections were proc-
essed for GluA2 immunohistochemistry. Virtually all eYFP-
labeled neurons expressed GluA2 at all levels of the DG (Fig. 2B,
C,E,F), supporting the identity of the eYFP-labeled neurons as
MCs throughout the DG.

In a similar set of sections processed for calretinin immuno-
histochemistry, eYFP-labeled neurons in the dorsal hilus were
not labeled for calretinin, although a limited number of small
neurons, presumed to be GABAergic interneurons or immature
granule cells (Liu et al., 1996; Brandt et al., 2003), expressed cal-
retinin (Fig. 2H,I). In contrast, in the ventral hilus, virtually all
eYFP-labeled neurons were labeled for calretinin (Fig. 2K,L).
Previous studies have also described calretinin-labeled neurons
throughout the ventral levels of the DG (Liu et al., 1996; Blasco-
Ibanez and Freund, 1997).
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Figure 2.  eYFP-labeled hilar neurons express GluA2 in both the dorsal and ventral DG but express calretinin (CR) in only
the ventral region. A-F, Numerous hilar neurons in the dorsal and ventral DG express eYFP (4, D), are labeled for GluA2
(B, E), and are virtually all double labeled (C, F). G—L, Presumed MCs in the dorsal and ventral hilus are labeled for eYFP
(G, J) but lack CR labeling in the dorsal hilus (H, I) where only a small number of interneurons or immature granule cells
are labeled for CR. In contrast, essentially all eYFP-labeled neurons in the ventral hilus (J) express (R (K, L). Scale bars:
100 pm (A-L).

Ventral.

Figure 3.  eYFP-labeled neurons exhibit numerous dendritic spines throughout the dentate hilus, but the spine morphol-
ogy differs at dorsal and ventral levels. A, In the dorsal hilus, numerous complex spines are evident along the dendrites,
and many resemble the thorny excrescences (arrowheads) that characterize some MCs. B, In the ventral hilus, labeled
spines are abundant (arrows) but are generally less complex than those of labeled neurons in the dorsal hilus. Scale bars:
10 um (4, B).

Further study of the morphology of the eYFP-labeled neurons
revealed numerous dendritic spines on these neurons in both the
dorsal and ventral hilus, consistent with their identification as
MCs (Fig. 3A,B). At dorsal levels, many eYFP-labeled neurons
displayed large spiny appendages along their proximal dendrites,
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and these closely resembled the thorny
excrescences that are characteristic of some
MCs (Amaral, 1978; Fig. 3A). In contrast,
the spines of labeled neurons in the ventral
hilus, although numerous, were smaller and
less complex than those at dorsal levels (Fig.
3B). Thus, despite the lack of calretinin
labeling, eYFP-labeled neurons in the dorsal
hilus could be identified as MCs, based on
their characteristic spines as well as their
GluA2-positive phenotype. Similar differen-
ces in spine morphology in presumed MCs
have been described in C57BL/6 mice fol-
lowing broad labeling of the hilar regions
with Golgi impregnation and intracellular
labeling methods (Fujise et al., 1998). The
current findings confirm the differences
with Cre-dependent expression of fluores-
cent markers.

Cre-dependent eYFP labeling in two
transgenic mouse lines thus supports the
identity of the labeled neurons as MCs in
both the dorsal and ventral DG, based
on their relatively large size, numerous
dendritic spines and GluA2 (putative
glutamatergic) phenotype, while also
confirming differences between MCs in
dorsal and ventral regions.

Dorsal and ventral MCs were selectively
labeled

Transfections were targeted to either dorsal
or ventral regions of the DG. Numerous cell
bodies were labeled at the levels of the trans-
fections, and diffusion of the viral vector
extended for ~500 um on either side of the
injection sites. This led to cell body labeling
throughout ~40% of both the rostral and
caudal DG. The middle 20% of the dentate
had variable labeling. Often the labeling in
this region was low, but in some animals the
transfections overlapped to some extent.
Nevertheless, distinct patterns of labeling
from the dorsal and ventral transfections
were consistently observed.

Dorsal MCs have unique patterns of
axonal projections

We initially studied the axonal projections
of the two groups of MCs separately, with
unilateral transfections in either the dorsal
or ventral hilus. Our studies focused first on
the axonal patterns of MCs in the dorsal
DG, including their commissural projec-
tions. Following unilateral transfections and
eYFP labeling of cell bodies in the dorsal hi-
lus, commissural projections were evident
in the contralateral DG (Fig. 4A). When
studied in detail, this projection consisted of

a relatively narrow dense band of fibers in the inner molecular
layer, concentrated at a slight distance from the outer border of
the granule cell layer (Fig. 4B). A more diffuse plexus of fibers
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extended further into the molecular layer
(Fig. 4B). A plexus of fine fibers also filled the
contralateral hilus (Fig. 4B).

On the ipsilateral (transfected) side, strong
labeling of cell bodies and their processes
extended throughout the hilus, delineating
this region (Fig. 4A,C). Labeled fibers were
also present in the inner molecular layer on
the ipsilateral side (Fig. 4C), but these fibers
were much less numerous than those on the
contralateral side (Fig. 4, compare B, C).

Labeled fibers on the ipsilateral side con-
tinued caudally as associational fibers (Fig.
5A-C) (Figs. 4 and 5 show the progression of
labeling from rostral to caudal in the same
animal). These ipsilateral projections were
sparse at the level of the labeled cell bodies
(Fig. 5A) but increased at more caudal levels
(Fig. 5B,C). The distribution of the labeled
fibers also changed substantially. As the asso-
ciational projections extended to caudal lev-
els, they expanded beyond the inner third of
the molecular layer and became more diffuse.
At anterior levels of the ventral dentate,
beyond the level of the labeled cell bodies,
these associational projections extended into
the middle of the molecular layer (Fig. 5B).
Further ventrally, these projections formed a
narrower band within the middle molecular
layer (Fig. 5C).

On the contralateral side, the commissural

fibers formed a distinct band of labeled fibers  Figure 4.

Contra
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eYFP-labeled MCs in the dorsal DG provide a direct commissural projection to the contralateral molecular

in the inner molecular layer at all levels in
which labeled cell bodies were evident on the
transfected side (Fig. 5A). However, some dif-
fuse labeling was also evident in the molecular
layer (Fig. 5A). As the commissural fibers
reached ventral levels, they assumed patterns
that were very similar to those of the ipsilat-
eral associational fibers, becoming wider and
more diffuse and then forming a narrower
band at more ventral levels (Fig. 5B,C).
Although the patterns of labeling were very

layer and hilus at the level of the transfected neurons. A, Labeled neurons fill the dentate hilus (H) on the ipsilateral
(transfected) side, and their axons form a distinct band (arrow) in the dentate molecular layer (M) of the contralateral
side, adjacent to the unlabeled granule cell layer (G). B, In the contralateral DG, a narrow, dense band of labeled fibers
(arrow) is evident at a slight distance from the granule cell layer (G) and a more diffuse plexus extends further into the
molecular layer (). Labeled fibers are also present in the contralateral hilus (H), and a few labeled fibers extend perpen-
dicularly through the granule cell layer. C, On the ipsilateral side, numerous labeled cell bodies and processes are evident
in the hilus. While labeled fibers are present in the inner molecular layer (arrow), their density is substantially lower
than that on the contralateral side. This panel is a montage, with the regions above and below the dashed line imaged
at different intensities, to avoid complete saturation of the strongly labeled cell bodies in the hilus when imaging the
less intensely labeled plexus in the molecular layer. The region above the dashed line was imaged with the same param-
eters as those used for imaging the contralateral side, to allow comparison of the axonal plexuses. Scale bars: 200 um
(A) and 50 um (B, 0).

similar on the two sides at ventral levels, the
projections on the ipsilateral side (associa-
tional projections) were frequently stronger
than those on the contralateral side (commissural projections).

With the dorsal injections used in this study, MC somata
were extensively labeled in the rostral 40% of the DG, extending
from the most rostral end of the dentate hilus through ~1500-
1800 pm of the DG. (This length includes substantial shrinkage
of the tissue as a result of the histologic processing.) Because of
the relatively large longitudinal extent of cell body labeling, the
length of the axonal projections from MCs at any single level
could not be determined. However, with the current transfec-
tions, labeled fibers extended through ~80% of the DG on the
ipsilateral side and slightly less on the contralateral side. While
the longitudinal projections from the dorsal MCs were extensive,
they often did not reach the most ventral DG.

In summary, dorsal MCs formed a strong commissural path-
way at the level of the cell bodies of origin (Fig. 54). At more
caudal (ventral) levels, both the ipsilateral (associational) and
contralateral (commissural) projections become more diffuse,

expanding into the middle of the molecular layer at anterior ven-
tral levels, and then forming narrower bands of fibers in the mid-
dle molecular layer at more ventral levels (Fig. 5B,C). These
patterns of labeled fibers from dorsal MCs differ substantially
from the dense band of fibers in the inner one-third to one-
fourth of the molecular layer that is classically associated with
the axonal projections of MCs.

Ventral MCs exhibit characteristic patterns of axonal
projections

To characterize the projections of the ventral MCs with the same
methods, a viral vector for Cre-dependent eYFP was transfected
unilaterally at caudal levels of the DG, labeling numerous MCs
in ventral regions of the DG. On the ipsilateral side, a band of la-
beled fibers was evident in the inner molecular layer at the level
of the transfection, but the fibers were sparse, particularly at the
most caudal levels (data not shown). A similar band of fibers
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Figure 5.

but distinct band in the molecular layer on each side. Scale bars: 200 pm (A-().

could be detected on the contralateral side, but this commissural
projection was generally weak and thus differed from the strong
commissural projection of the dorsal MCs. As the axonal projec-
tions extended rostrally, the bands of labeled fibers became
stronger and were prominent bilaterally. The labeled fibers
remained within the inner molecular layer throughout the ven-
tral to dorsal extent of the DG and thus replicated the classical
pattern of MC axons. These same patterns were observed in ani-
mals with double labeling in which eYFP was expressed in
ventral MCs and mCherry was expressed in dorsal MCs (Fig.
6A-D). The transfections were made unilaterally at the same
locations as those used for single labeling.

The ventral transfections labeled cell bodies in the caudal 40%
of the DG. This included the majority of MCs in the wider, more
expansive ventral regions of the dentate hilus, when analyzed in
horizontal sections (Fig. 6D). Labeled cell bodies were also abun-
dant at more anterior levels of the ventral dentate where the hilus
assumes an elongated shape in horizontal sections (Fig. 6C).
With the extent of cell body labeling obtained following the ven-
tral transfections, labeled axonal projections extended rostrally

eYFP-labeled MCs in the hilus of the dorsal DG provide strong commissural projections to the contralateral
dentate, but the projections shift positions and become more diffusely organized as they extend ventrally as commis-
sural and associational fibers. 4, In a coronal section at 600 um further caudal than the section in Figure 4, commis-
sural projections from dorsal MCs in the hilus (H) remain stronger on the contralateral side (arrow), near the
unlabeled granule cell layer (G), than on the transfected side, and increased diffuse labeling () is evident in the mo-
lecular layer (M). Dashed lines delineate the borders of the molecular layer in all panels. B, In a horizontal section at
an anterior ventral level, beyond the level of labeled cell bodies, the axonal projections (arrows) expand and become
more diffuse bilaterally. C, In a horizontal section at a more ventral level, the MC projections (arrows) form a narrower
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throughout the remainder of the DG, including
the most rostral regions of the DG. The labeled
fibers were concentrated in the inner 20-25%
of the molecular layer and remained in this
location at all rostral-caudal levels (Fig. 6A-D).

Dorsal and ventral MCs have distinct
patterns of axonal projections

The projections of dorsal and ventral MCs
were then compared in the same sections. At
rostral (dorsal) levels, the projections from the
two groups of neurons overlapped to a consid-
erable extent, with labeling localized primarily
in the inner molecular layer (Fig. 6A,B). At
rostral levels, projections from dorsal MCs
appeared strongest on the contralateral side,
consistent with a strong commissural pathway
(Fig. 6A). At these same levels, the ipsilateral
projections from ventral MCs predominated
and occluded the weaker ipsilateral innerva-
tion from dorsal MCs (Fig. 6A,B). At ventral
levels, the axonal projections from dorsal MCs
diverged and occupied the middle region of the
molecular layer (Fig. 6C,D). In contrast, axonal
projections of the ventral MCs remained within
the inner molecular layer throughout the longi-
tudinal extent of the DG (Fig. 6A-D). Thus, at
ventral levels, the axonal projections from dorsal
and ventral MCs occupied separate regions of
the molecular layer (Fig. 6C,D).

Measurements of the widths of the projec-
tions from dorsal and ventral MCs demon-
strated that projections from ventral MCs
occupied relatively similar extents of the mo-
lecular layer throughout the DG, occupying
an average of 22.4% (range: 18.7-27.3%) of
the molecular layer (Table 1). In contrast, the
width of the dorsal to ventral projections var-
ied substantially along the longitudinal axis,
occupying 33.4% and 34.6% of the inner mo-
lecular layer at dorsal levels (contralateral
side); expanding to 54.9% of the molecular
layer at anterior ventral levels; and then
becoming narrower and occupying 24.2% of
the molecular layer at posterior ventral levels (Table 1).

To verify that the labeling patterns were not because of the
varying planes of section through the DG, the hippocampus was
sectioned transversely, perpendicular to the long axis of the hip-
pocampus, in animals with unilateral transfections of mCherry
rostrally and eYFP caudally. The transverse sections demon-
strated selective labeling of the cell bodies of MCs in the rostral
DG with mCherry (Fig. 7A-D), and selective labeling of the cell
bodies of MCs in the more caudal dentate with eYFP (Fig. 7E-
H). This labeling resulted in a band of eYFP-labeled fibers in the
inner molecular layer throughout the DG, with increasingly
strong labeling of this band at rostral levels (Fig. 7A-D). At these
levels, labeled axons of the ventral MCs occluded the less dense
ipsilateral projections from dorsal MCs (Fig. 7A-D). At more
caudal levels, the projections from mCherry-labeled MCs of the
rostral dentate extended into the middle region of the molecular
layer (Fig. 7D-G), and both projections could be visualized
because of the lack of overlap in their distributions at caudal lev-
els. These results confirmed the different patterns of longitudinal
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projections from dorsal and ventral MCs
in the same section and demonstrated that
the observed patterns were not related to
different planes of section through the
DG.

To further clarify the laminar location
of the dorsal and ventral MC projections
in relation to the granule cells, the nuclei
of granule cells were labeled with DAPI.
Axonal projections of the ventral MCs
formed a dense band adjacent to the gran-
ule cell layer at both ventral and dorsal lev-
els of the DG, with the strongest labeling
in the dorsal dentate, at a considerable dis-
tance from the labeled MCs (Fig. 84,B). In
contrast, axons of the dorsal MCs pro-
jected to the middle of the molecular layer
at ventral levels. (Fig. 8B). Thus, the axonal
projections from dorsal and ventral MCs,
while overlapping at rostral levels (Fig.
8A), were clearly separated and formed
distinct laminar patterns at ventral levels
of the DG (Fig. 8B,C). Projections from
ventral MCs occupied the inner molecular
layer, adjacent to the granule cell layer
(Fig. 8C) and were thus located in the clas-
sical commissural/associational zone, the
expected location of MC fibers. In con-
trast, the projections from dorsal MCs
formed a second, more diffuse layer of
fibers that occupied the middle molecular
layer, where they could overlap with fibers
of the medial perforant path (Fig. 8C).
While it has not been possible to demon-
strate the overlap of these pathways
directly, the band of MC fibers in the mid-
dle molecular layer at caudal levels is
remarkably similar to that of the medial
perforant path fibers, identified by antero-
grade labeling, in the mouse (Deller et al.,
1999; van Groen et al., 2003; Woods et al.,
2018) and rat (Witter, 2007).

In addition to different locations of
dorsal and ventral MC projections in the
molecular layer, the patterns of the fibers
were distinctly different. Ventral MCs
formed a more concentrated band of fibers
close to the outer border of the granule cell
layer. In contrast, fibers from dorsal MCs
were distributed more diffusely, particularly at caudal levels of
the DG (Fig. 8C). Thus, both the locations and the organizational
patterns of the dorsal and ventral MCs differed, suggesting possi-
bly different functional roles.

1

1

1

1

1
1
1
!

Figure 6.

Both dorsal and ventral MCs have extensive projections

The present findings are consistent with previous descriptions
of axonal projections from the hilar region but provide greater
specificity as MCs are selectively labeled. By labeling MCs uni-
laterally in each region and studying their projections bilater-
ally, three major axonal projections were identified from each
group of MCs, a direct commissural projection at the level of
the cell bodies of origin; an ipsilateral associational pathway;
and a longitudinal commissural pathway that extends through
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The patterns of axonal projections of dorsal (mCherry-labeled) and ventral (eYFP-labeled) MCs differ as the
fibers extend through the DG. 4, B, In dorsal, coronal sections, projections from the dorsal and ventral MCs largely overlap in
the molecular layer (M), adjacent to the granule cell layer (G). Dashed lines delineate the borders of the molecular layer in
all panels. C, D, At ventral levels, the projections from dorsal and ventral MCs diverge and no longer overlap. A dense projec-
tion from the ventral MCs (eYFP) is present bilaterally (arrows), adjacent to the unlabeled granule cell layer (G), while a
wider band of more diffuse fibers (arrowheads) from the dorsal MCs is evident in the middle molecular layer. Both projec-
tions are strongest on the ipsilateral side. At anterior ventral levels (C) a few double-labeled cell bodies (yellow) are evident
in the hilus, suggesting some overlap of the dorsal and ventral transfections at this level. Scale bars: 200 pm (4-D).

the contralateral DG in parallel with the ipsilateral associational
fibers. The bilateral symmetry of the longitudinal associational
and commissural pathways was striking (Figs. 5B,C, 6C,D) and
has been noted with interest in previous studies in which both
pathways were studied (Fricke and Cowan, 1978; Swanson et
al.,, 1978; Deller et al., 1995). The present findings also confirm
previous descriptions of limited labeling of the associational
fibers at the level of the cell bodies of origin but substantially
stronger labeling at distant sites (Amaral and Witter, 1989;
Buckmaster et al., 1996). This pattern was observed for both
groups of MCs (Fig. 8A,B).

Advantages and limitations of the neuroanatomical methods
With the current methods, it has been possible to selectively
transfect either dorsal or ventral MCs unilaterally, and this has
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Table 1. Comparison of widths of labeled projections in molecular layer from dorsal and ventral MCs at dorsal (coronal) and ventral (horizontal) levels

Dorsal to ventral projections

Ventral to dorsal projections

Width of molecular layer Width 9% of molecular Width % of molecular
Level of section (um = SD) (um = SD) layer width (um = SD) layer width
Dorsal, anterior ipsilateral 166.0 = 14.3 202 =32 12.1% 374+ 66 22.5%
Dorsal, anterior contralateral 164.8 +19.9 571+ 26 34.6% 33.6 £53 20.3%
Dorsal, posterior ipsilateral 162.4 +25.2 19.9+36 12.2% 344+99 21.1%
Dorsal, posterior contralateral 1549 =163 51.8 = 10.6 33.4% 29.0 £ 6.0 18.7%
Ventral, anterior ipsilateral 240.8 = 40.9 1323 =262 54.9% 584 +97 24.2%
Ventral, posterior ipsilateral 200.4 = 33.9 485 +10.9 24.2% 548 £9.8 27.3%

Measurements from suprapyramidal blade of the DG; n =12 (mean of three measurements/level x four animals).

Figure 7.

Labeling of dorsal MCs with mCherry and ventral MCs with eYFP demonstrate the progressive changes in their axonal projections throughout the DG in a series of transverse sec-

tions through an elongated hippocampus at 600-pum intervals. A-H, At rostral levels (A-D), mCherry-labeled MCs are abundant in the dentate hilus (H), deep to the granule cell layer (G). At
more caudal levels (E-H), eYFP-labeled MCs predominate, and there is little overlap of the two labels in this animal. The dense axonal projections from caudal MCs (arrows) are strong and pre-
dominate at rostral levels (4-D), but are weaker at the level of their labeled cell bodies (E—H). The axonal projections from rostral MCs are occluded at rostral levels (A—C) where the ipsilateral
projections of these neurons are weak, but the projections expand into the molecular layer at more caudal levels (D-H), forming a wider diffuse band (arrowheads) at anterior ventral levels
(D, E) and a narrower band (arrowheads) at more caudal levels (F, G). At ventral levels, the innervation from rostral and caudal MCs form non-overlapping laminar distributions in the molecu-

lar layer (D-H). Scale bars: 200 um (A-H).

been critical for identifying differences in their projections. With
more extensive labeling throughout the dentate or at intermedi-
ate levels, the distinction between the projections could have
been obscured, due either to overlap of the pathways or limita-
tions of the imaging methods in which strong labeling of fibers
from ventral MCs could limit visualization of the more diffuse
projections from dorsal MCs.

There are also limitations of the methods. With the current
methods and experimental design, it was not possible to trace the
projections of single or small groups of MCs. Thus, although the
projections of MCs in the dorsal and ventral regions are cur-
rently described as unidirectional, the individual MCs are likely
to extend their axons in both directions, as described in previous
studies of intracellularly-labeled MCs (Buckmaster et al., 1996).
In the current study, the axons of labeled MCs could be projec-
ting in both directions, but only the projections from the most
distal groups of labeled neurons (those projecting away from the
labeled MCs) could be detected. Projections in the other direc-
tion would be occluded by the extensive labeling of additional
MCs in these regions. However, even when bidirectional, the
projections could extend further in one direction than the other.
Our findings support a preferential direction for the axonal pro-
jections of populations of dorsal and ventral MCs, depending on
the location of the cell bodies along the longitudinal extent of the
DG. Preferential directions of the projections were also suggested
in an early autoradiographic study of associational and commis-
sural projections in the rat (Fricke and Cowan, 1978). Likewise,
the axons of some intracellularly labeled MCs extended further
in one direction than the other (Buckmaster et al., 1996). It is
also possible that some MCs, particularly those near the middle

of the DG, could extend their projections relatively equally in
both directions. More limited transfections would be required to
distinguish projections from MCs in finer subdivisions of the
DG.

Dorsal MCs excite ventral DG granule cells

Mice with dorsal MCs transfected by ChR2-eYFP were used to
explore the function of the projections of these cells to the ven-
tral DG. Single pulse light stimulation of dorsal MC projections
in ventral slices evoked EPSCs in both ipsilateral and contralat-
eral ventral dentate granule cells (Fig. 9A). All 14 recorded ipsi-
lateral granule cells responded to the light stimulation. The
average values of the EPSC properties were as follows: ampli-
tude 27.56 = 8.17 pA, 10-90% rising rate 13.37 = 3.76 pA/ms,
decay time constant 8.09 = 1.36 ms and latency (from the onset
of the light pulse) 5.36 = 0.54 ms. Only four out of 15 recorded
granule cells on the contralateral side showed light evoked
EPSCs. This is a significantly lower ratio of excited granule cells
than that found on the ipsilateral side (p < 0.0001, two-tailed
Fischer’s exact test). The average values for contralateral EPSC
parameters were: amplitude 11.21 = 2.09 pA, 10-90% rising
rate 3.33 = 0.81 pA/ms, decay time constant 6.53 = 1.00 ms and
latency 5.03 = 0.88 ms. There were no significant differences
comparing these parameters between ipsilateral and contralat-
eral recordings (Mann-Whitney test, p=0.297 for amplitudes,
p=0.116 for rising rates, p=0.894 for decay time constants,
and p=0.816 for latencies). We also performed optical train
stimulations on the ChR2 transfected MC projections. The
optically evoked EPSCs in granule cells could only follow a 20-
Hz frequency of stimulation in ipsilateral slices (Fig. 9B) with
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an averaged paired ratio (amplitude of second
evoked EPSC/first evoked EPSC for every train)
of 1.41 £ 0.26 (n=>5). The paired-pulse facilita-
tion ratio at 50 ms inter-stimulus interval implies
that these MC axons have a low release probabil-
ity. The ChR2-expressing fibers could not
adequately follow 40-Hz stimulation on either
side (data not shown), consistent with previous
reports (Hashimotodani et al., 2017).

In slices from mice with unilateral ChR2-
eYFP-expressing MCs in the dorsal DG, the light
pulse evoked IPSCs could be recorded in 9/14 ip-
silateral granule cells in the ventral DG. This is
significantly less than the number of cells (14/14)
in which EPSCs could be evoked (p =0.0169, two-
tailed Fischer’s exact test), indicating that the dor-
sal MC projection is mainly excitatory onto the
ventral granule cells. No light evoked IPSCs could
be recorded in 15 granule cells on the contralat-
eral side which is significantly different from the
results on the ipsilateral side (p < 0.0002, two-

tailed Fischer’s exact test). Figure 8
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MGs in the dorsal and ventral DG form distinct laminar projections to the molecular layer. 4, B,

Axonal projections from ventral MCs (eYFP) in the hilus (H) form dense projections (arrows) to the inner molecular

Projections from dorsal MCs facilitate granule
cell responses to perforant path stimulation in
the ventral DG

To further explore the function of the diffuse pro-
jection from dorsal MCs onto the ventral granule
cells and its interaction with other pathways, we
examined the interaction between the perforant
path and the MC input onto granule cells. In 4
mice we performed an electrical stimulation of
the perforant path fibers outside the hippocampal
fissure together with local optical stimulation of
the dorsal MC projections in the ventral dentate molecular layer.
The EPSPs of dentate granule cells in horizontal slices were
monitored using whole-cell patch clamp recordings under cur-
rent clamp. Once granule cells without optically induced
responses were rejected from further recordings, we adjusted the
current intensity of the perforant path electrical stimulation to
evoke subthreshold EPSPs in each recorded granule cell.

The single pulse optical stimulation of the dorsal MC axons
evoked an EPSP in granule cells (1.44 = 0.19mV, n=19), while
the electrical stimulation of the medial perforant path generated
EPSPs of 3.70 = 0.33mV (n=19). To examine possible interac-
tions between the two pathways, we first stimulated the MC pro-
jections 50 or 25ms before stimulating the perforant path. The
EPSPs evoked by perforant path stimulation preceded by an opti-
cal stimulation at 25 ms were similar to those evoked by perfo-
rant path stimulation alone (average perforant path evoked
EPSPs: 3.98 = 0.51 mV, n=7). When the optical stimulation pre-
ceded the perforant path stimulation by 50 ms, the average perfo-
rant path evoked EPSPs was 327 =0.31mV (n=7), not
significantly different from the 25-ms interval (p =0.6873, non-
parametric Kruskal-Wallis test). Next, we stimulated the MC
projections and perforant path simultaneously, and obtained
EPSPs of 6.12 = 0.32mV in amplitude (n=19). We also calcu-
lated the arithmetic sum of the two differentially evoked EPSPs
in the same recorded granule cells obtaining an average value of
4.96 £ 0.41 mV (n=19) in amplitude. An example of the evoked
EPSP traces and their corresponding arithmetic summed trace is
shown in Figure 9C. The amplitudes of EPSPs evoked by simul-
taneously stimulating the MC projections and perforant path

layer (M), adjacent to the DAPI-labeled nuclei of granule cells (G), throughout the longitudinal extent of the DG.
These projections are strongest at dorsal levels (A), distant from their cell bodies of origin. In contrast, dorsal MCs
(mCherry) form projections that differ in their locations at dorsal and ventral locations. While these projections
overlap with those of ventral MCs at dorsal levels, they assume non-overlapping laminar distributions (arrowhead)
at caudal levels (B) and are located in the middle molecular layer (mM), between the axonal projection of ventral
MGs in the inner molecular layer (iM) and the unlabeled outer molecular layer (oM). Dashed line in B indicates
the outer border of the molecular layer. €, At higher magnification, the laminar pattern can be related to the
expected innervation from associational/commissural (A/C) fibers of MCs, medial perforant path (PP), and lateral
PP. Scale bars: 200 m (4, B) and 25 pim (C).

were significantly larger than the arithmetic sum of the individu-
ally evoked EPSPs (p < 0.0001, Wilcoxon matched-pairs signed-
rank test, n=19; Fig. 9D). Thus, dorsal MC projections facilitate
the excitation of granule cells by the perforant path in the ventral
DG when the two inputs occur simultaneously, but not when
they are desynchronized by at least 25 ms.

Discussion

The major finding of this study is that MCs in the dorsal and
ventral DG have different patterns of axonal projections in the
molecular layer. Axons of ventral MCs form a dense band of
fibers within the inner molecular layer throughout their caudal
to rostral extent, consistent with the classical description of MC
fibers. In contrast, projections of dorsal MCs have a more diffuse
distribution that expands beyond the inner molecular layer as
the axons reach caudal levels. The different distributions of axo-
nal projections suggest that dorsal and ventral MCs could have
different functional roles.

Dorsal and ventral subgroups of MCs

The distinct patterns of axonal projections from dorsal and ven-
tral MCs provide new evidence for different subgroups of MCs.
Previous studies have demonstrated differences between these
groups of MCs in their expression of calretinin and spine mor-
phology (Liu et al., 1996; Blasco-Ibafiez and Freund, 1997; Fujise
et al., 1998), as confirmed in the present studies, as well as differ-
ences in their electrophysiological properties (Jinno et al., 2003),
activity during behavioral tasks (Duffy et al., 2013; Moretto et al.,
2017), and patterns of gene expression (Bienkowski et al., 2018).
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Optically evoked EPSCs and EPSPs in ventral DG granule cells through stimulation of dorsal MC projections in the DG molecular layer. 4, Single light pulse stimulation (5 ms) evoked

EPSCs (gray) and their averages (thick red or black lines) in granule cells from mice with ChR2-eYFP unilaterally transfected dorsal MCs. B, EPSCs evoked in ventral granule cells by a 20-Hz train
optical stimulation of the ChR2-eYFP-expressing dorsal MC axons. Recordings from ipsilateral (red) and contralateral (black) granule cells. Blue horizontal bars indicate the duration of the optical
stimulation. €, EPSPs evoked by optical stimulation of the MC projections (MC) in the dentate molecular layer (green), electrical stimulation of the medial perforant path (PP) outside the hippo-
campal fissure (black), and simultaneous stimulation of the two pathways (MC and PP; blue). The red trace is the digital arithmetic sum of the green trace (evoked by MC) and black trace
(evoked by PP). D, Bar graph showing the summary and statistics of all the evoked EPSPs and the arithmetic sum traces. The MC and PP evoked EPSPs are significantly larger than those evoked

by PP stimulation only (p << 0.0001, paired Wilcoxon test).

Despite evidence that MCs are not a homogeneous popula-
tion, it has generally been assumed that all MCs have the same
termination patterns in the molecular layer. Thus, it was surpris-
ing to find that dorsal and ventral MCs have different axonal dis-
tributions. The projection from dorsal MCs is unique and has
not been described previously. However, an earlier tracing study
in the rat described presumed MC fibers near the middle of the
molecular layer (Deller et al., 1995), and this is similar to the
location of dorsal MC fibers in the current study.

Functions of dorsal and ventral MC projections
Determining the functions of axonal projections from both dor-
sal and ventral MCs presents a new challenge. Recent in vivo
studies of dorsal MCs have focused on the activity at the level of
their cell bodies and demonstrated that these cells are highly
active, have multiple place fields, and show more robust remap-
ping of place fields than granule cells (Danielson et al., 2017;
GoodSmith et al., 2017; Senzai and Buzsdki, 2017). The effects of
these MCs on neurons at distant sites in vivo remains largely
unknown but will be exerted through their commissural and
associational projections.

Current findings demonstrated a prominent commissural
projection from dorsal MCs, and this projection has received the
most attention in physiological studies. While this commissural

projection can exert both excitatory and inhibitory effects on
granule cells (Scharfman, 1995; Chancey et al., 2014; Hsu et al.,
20165 Yeh et al,, 2018), in vitro studies have generally suggested
that this projection has net inhibitory effects on granule cells
(Buzsaki and Eidelberg, 1981; Douglas et al., 1983; Jinde et al,,
2012). However, optogenetic studies have recently demonstrated
that repetitive stimulation of the commissural fibers at physio-
logically relevant frequencies can enhance excitation of the gran-
ule cells and induce presynaptic long-term potentiation (LTP;
Hashimotodani et al., 2017). Thus, there is a mechanism for
strengthening the excitatory effects on granule cells under certain
conditions. These findings are consistent with morphologic evi-
dence for an abundance of excitatory synapses on the proximal
dendrites of granule cells (Buckmaster et al., 1996; Wenzel et al.,
1997; Sloviter et al., 2003).

Dorsal MCs also form a unique associational projection that
extends caudally through the DG and at ventral levels is located
in the middle molecular layer, the location of the medial perfo-
rant path. As the physiological effects of these associational fibers
have not been described, we studied the effects of optical stimula-
tion of these fibers in horizontal slices in which only labeled
fibers were present and found predominantly excitatory effects
in granule cells of the ventral dentate. The unexpected location
of these MC projections in the middle molecular layer led us to
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investigate potential interactions between dorsal MC projections
and the perforant path. We found that simultaneous optical activa-
tion of dorsal MC projections and electrical stimulation of the perfo-
rant path produced a supralinear response, suggesting that dorsal
MC:s can enhance the effects of the perforant path in the ventral DG.

In a previous study of the associational pathway of the DG in
anesthetized rats, responses were elicited by direct stimulation of
the hilus, presumably activating longitudinally projecting MCs
(Hetherington et al., 1994). Such stimulation also had a net exci-
tatory effect on dentate granule cells, and tetanic stimulation led
to LTP of the pathway. Interestingly, LTP was produced reliably
only when this pathway was stimulated in the dorsal to ventral
direction, thus corresponding to the direction of the stimulated
fibers in the current study.

Our electrophysiological studies were focused on the dorsal
to ventral MC projections because of their novelty and their pu-
tative overlap with fibers of the perforant path. Such overlapping
patterns were not observed for the ventral to dorsal MC and per-
forant path fibers, but functional interactions are possible and
remain to be explored in future studies.

Until recently, ventral MCs have received little direct study.
However, our current findings suggest that ventral MCs form
the “classical” MC pathway, and thus the in vivo functions of
these MCs are of particular interest. In vivo studies have demon-
strated that photo-stimulation of MCs in the ventral dentate can
elicit responses in both granule cells and interneurons in the dor-
sal DG, thus confirming that ventral MCs can influence network
activity of the DG at rostral levels (Bui et al., 2018). To determine
the in vivo function of the ventral to dorsal MC pathway, Fredes
et al. (2020) selectively targeted calretinin-positive (ventral) MCs
in Calb2-Cre mice. They found that ventral MCs readily detected
environmental novelty and relayed this information to dorsal
granule cells. Interestingly, the ventral to dorsal MC projections
were critical for novelty-induced contextual memory formation.
The findings provide further evidence for unique functions of
ventral and dorsal MCs and emphasize the importance of the
longitudinal connections of MCs.

Extensive longitudinal projections of MCs and their roles
Current findings demonstrate that both dorsal and ventral MCs
have extensive longitudinal projections, consistent with previous
descriptions of associational fibers of MCs extending through as
much as 60-70% of the DG (Amaral and Witter, 1989; Buckmaster
et al,, 1996). Functionally, these longitudinal projections are likely to
be one of the most important features of MCs and could be critical
for linking functions of ventral regions of the hippocampus media-
ting emotion and anxiety to those of dorsal regions associated with
spatial memory and cognition (Fanselow and Dong, 2010; Kheirbek
et al,, 2013; Strange et al,, 2014; Weeden et al,, 2015). The impor-
tance of the longitudinal connections is supported by recent studies
showing that silencing activity in either dorsal or ventral MCs dur-
ing the learning phase of an object location memory test led to
severe deficits (Bui et al., 2018), and exciting ventral MCs enhanced
contextual memory in a familiar environment (Fredes et al., 2020),
consistent with their role in some memory functions.

Viewed more broadly, the functional role of MCs will depend
to a large extent on the net effects of the longitudinal projections.
One major hypothesis suggests that the MC projections form a
“granule cell association” network through which spatially dis-
persed granule cells could be co-activated and form functional
ensembles that could contribute to memory (Buckmaster and
Schwartzkroin, 1994). An alternate view is that the longitudinal
connections constitute a broad inhibitory system that limits
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granule cell activity throughout much of the DG to allow selec-
tive granule cell activity (Zappone and Sloviter, 2004; Jinde et al.,
2012; Sloviter and Lomo, 2012).

The current findings add another dimension to this discus-
sion. It is possible that the functions of dorsal and ventral MCs
differ, with direct excitatory effects predominating in some path-
ways, such as the dorsal to ventral associational projections, and
disynaptic inhibitory effects predominating in others. In addi-
tion, the different innervation patterns of the dorsal and ventral
MCs could be associated with different functional roles. The
more highly concentrated projections from ventral MCs suggest
a more targeted system with potentially stronger control at post-
synaptic sites, because of the proximal locations of their synapses
on dendrites in the molecular layer. In contrast, the more diffuse
projections of dorsal MCs would be consistent with a modula-
tory role, as suggested by their enhancement of perforant path
input in the current study. In this mode, dorsal MCs could exert
their effects primarily through interactions with other inputs to
dentate granule cells, and such synergistic interactions between
the associational pathway and the perforant path have been sug-
gested previously (Kleschevnikov and Routtenberg, 2003).

Beyond the normal functional roles of MCs, the extensive
axonal projections of these neurons could have major influences
on the propagation of seizure activity throughout the DG as
occurs in temporal lobe epilepsy, but whether activity of MCs
enhances or limits seizure activity remains a critical question
(Sloviter et al., 2003; Ratzliff et al., 2004). To address this, Bui et
al. (2018) used optogenetic methods to modulate the activity of
remaining MCs in a chronic model of epilepsy. Photostimulation
of MCs decreased the number of seizures that progressed from
electrographic to generalized seizures, suggesting that their acti-
vation primarily inhibited distant dentate granule cells through
disynaptic connections (Bui et al., 2018). The effects appeared to
be related to the longitudinal projections of MCs as direct opto-
genetic inhibition of granule cells failed to limit the propagation,
possibly because of their more lamellar circuitry.

A different perspective is provided by a recent study of MCs
during an initial period of status epilepticus. Botterill et al.
(2019) demonstrated that the direct excitatory effects of MCs on
granule cells increased substantially during status epilepticus,
and it is likely that these excitatory effects were propagated longi-
tudinally throughout the DG. Selective chemogenetic reduction
of MC activity during status epilepticus decreased CA3 and MC
loss and blunted seizure activity during the chronic period
(Botterill et al., 2019). These findings demonstrate the potential
for strong excitatory and epileptogenic effects at MC to granule
cell connections under some pathologic conditions and empha-
size the multifaceted effects of MCs in epilepsy.

Continuing challenges of dentate MCs

Many questions have been raised regarding the function of MCs,
including whether these neurons exert predominantly excitatory
or inhibitory effects on granule cells. The current findings also
suggest a need to consider the differential functions of dorsal and
ventral MCs and their multiple pathways. Fortunately, tools are
now available for studying MCs selectively in vivo and addressing
many of these issues, with increased attention focused on the
extensive longitudinal projections of MCs and their effects at dis-
tant sites within the DG.
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