ResearchGate

See discussions, stats, and author profiles for this publication at:

Hippocampal circuit dysfunction in the Tc1
mouse model of Down syndrome

ARTICLE /7 NATURE NEUROSCIENCE - AUGUST 2015

Impact Factor: 14.98 - DOI: 10.1038/nn.4072

DOWNLOADS VIEWS
19 30

18 AUTHORS, INCLUDING:

University of Bristol University College London

7 PUBLICATIONS 94 CITATIONS 29 PUBLICATIONS 732 CITATIONS
SEE PROFILE SEE PROFILE

S

- Feld -

University College London L. 4 The Open University (UK)

56 PUBLICATIONS 3,529 CITATIONS 190 PUBLICATIONS 3,996 CITATIONS
SEE PROFILE SEE PROFILE

Available from: Damian M. Cummings
Retrieved on: 13 August 2015


http://www.researchgate.net/publication/280643324_Hippocampal_circuit_dysfunction_in_the_Tc1_mouse_model_of_Down_syndrome?enrichId=rgreq-6681ef87-bff9-4b45-bf5c-b404cbaa4089&enrichSource=Y292ZXJQYWdlOzI4MDY0MzMyNDtBUzoyNTg3MDQ5MDE2Njg4NjZAMTQzODY5MTQ2NjAwNA%3D%3D&el=1_x_2
http://www.researchgate.net/publication/280643324_Hippocampal_circuit_dysfunction_in_the_Tc1_mouse_model_of_Down_syndrome?enrichId=rgreq-6681ef87-bff9-4b45-bf5c-b404cbaa4089&enrichSource=Y292ZXJQYWdlOzI4MDY0MzMyNDtBUzoyNTg3MDQ5MDE2Njg4NjZAMTQzODY5MTQ2NjAwNA%3D%3D&el=1_x_3
http://www.researchgate.net/?enrichId=rgreq-6681ef87-bff9-4b45-bf5c-b404cbaa4089&enrichSource=Y292ZXJQYWdlOzI4MDY0MzMyNDtBUzoyNTg3MDQ5MDE2Njg4NjZAMTQzODY5MTQ2NjAwNA%3D%3D&el=1_x_1
http://www.researchgate.net/profile/Jonathan_Witton?enrichId=rgreq-6681ef87-bff9-4b45-bf5c-b404cbaa4089&enrichSource=Y292ZXJQYWdlOzI4MDY0MzMyNDtBUzoyNTg3MDQ5MDE2Njg4NjZAMTQzODY5MTQ2NjAwNA%3D%3D&el=1_x_4
http://www.researchgate.net/profile/Jonathan_Witton?enrichId=rgreq-6681ef87-bff9-4b45-bf5c-b404cbaa4089&enrichSource=Y292ZXJQYWdlOzI4MDY0MzMyNDtBUzoyNTg3MDQ5MDE2Njg4NjZAMTQzODY5MTQ2NjAwNA%3D%3D&el=1_x_5
http://www.researchgate.net/institution/University_of_Bristol?enrichId=rgreq-6681ef87-bff9-4b45-bf5c-b404cbaa4089&enrichSource=Y292ZXJQYWdlOzI4MDY0MzMyNDtBUzoyNTg3MDQ5MDE2Njg4NjZAMTQzODY5MTQ2NjAwNA%3D%3D&el=1_x_6
http://www.researchgate.net/profile/Jonathan_Witton?enrichId=rgreq-6681ef87-bff9-4b45-bf5c-b404cbaa4089&enrichSource=Y292ZXJQYWdlOzI4MDY0MzMyNDtBUzoyNTg3MDQ5MDE2Njg4NjZAMTQzODY5MTQ2NjAwNA%3D%3D&el=1_x_7
http://www.researchgate.net/profile/Damian_M_Cummings?enrichId=rgreq-6681ef87-bff9-4b45-bf5c-b404cbaa4089&enrichSource=Y292ZXJQYWdlOzI4MDY0MzMyNDtBUzoyNTg3MDQ5MDE2Njg4NjZAMTQzODY5MTQ2NjAwNA%3D%3D&el=1_x_4
http://www.researchgate.net/profile/Damian_M_Cummings?enrichId=rgreq-6681ef87-bff9-4b45-bf5c-b404cbaa4089&enrichSource=Y292ZXJQYWdlOzI4MDY0MzMyNDtBUzoyNTg3MDQ5MDE2Njg4NjZAMTQzODY5MTQ2NjAwNA%3D%3D&el=1_x_5
http://www.researchgate.net/institution/University_College_London?enrichId=rgreq-6681ef87-bff9-4b45-bf5c-b404cbaa4089&enrichSource=Y292ZXJQYWdlOzI4MDY0MzMyNDtBUzoyNTg3MDQ5MDE2Njg4NjZAMTQzODY5MTQ2NjAwNA%3D%3D&el=1_x_6
http://www.researchgate.net/profile/Damian_M_Cummings?enrichId=rgreq-6681ef87-bff9-4b45-bf5c-b404cbaa4089&enrichSource=Y292ZXJQYWdlOzI4MDY0MzMyNDtBUzoyNTg3MDQ5MDE2Njg4NjZAMTQzODY5MTQ2NjAwNA%3D%3D&el=1_x_7
http://www.researchgate.net/profile/Frances_Edwards2?enrichId=rgreq-6681ef87-bff9-4b45-bf5c-b404cbaa4089&enrichSource=Y292ZXJQYWdlOzI4MDY0MzMyNDtBUzoyNTg3MDQ5MDE2Njg4NjZAMTQzODY5MTQ2NjAwNA%3D%3D&el=1_x_4
http://www.researchgate.net/profile/Frances_Edwards2?enrichId=rgreq-6681ef87-bff9-4b45-bf5c-b404cbaa4089&enrichSource=Y292ZXJQYWdlOzI4MDY0MzMyNDtBUzoyNTg3MDQ5MDE2Njg4NjZAMTQzODY5MTQ2NjAwNA%3D%3D&el=1_x_5
http://www.researchgate.net/institution/University_College_London?enrichId=rgreq-6681ef87-bff9-4b45-bf5c-b404cbaa4089&enrichSource=Y292ZXJQYWdlOzI4MDY0MzMyNDtBUzoyNTg3MDQ5MDE2Njg4NjZAMTQzODY5MTQ2NjAwNA%3D%3D&el=1_x_6
http://www.researchgate.net/profile/Frances_Edwards2?enrichId=rgreq-6681ef87-bff9-4b45-bf5c-b404cbaa4089&enrichSource=Y292ZXJQYWdlOzI4MDY0MzMyNDtBUzoyNTg3MDQ5MDE2Njg4NjZAMTQzODY5MTQ2NjAwNA%3D%3D&el=1_x_7
http://www.researchgate.net/profile/Michael_Stewart4?enrichId=rgreq-6681ef87-bff9-4b45-bf5c-b404cbaa4089&enrichSource=Y292ZXJQYWdlOzI4MDY0MzMyNDtBUzoyNTg3MDQ5MDE2Njg4NjZAMTQzODY5MTQ2NjAwNA%3D%3D&el=1_x_4
http://www.researchgate.net/profile/Michael_Stewart4?enrichId=rgreq-6681ef87-bff9-4b45-bf5c-b404cbaa4089&enrichSource=Y292ZXJQYWdlOzI4MDY0MzMyNDtBUzoyNTg3MDQ5MDE2Njg4NjZAMTQzODY5MTQ2NjAwNA%3D%3D&el=1_x_5
http://www.researchgate.net/institution/The_Open_University_UK?enrichId=rgreq-6681ef87-bff9-4b45-bf5c-b404cbaa4089&enrichSource=Y292ZXJQYWdlOzI4MDY0MzMyNDtBUzoyNTg3MDQ5MDE2Njg4NjZAMTQzODY5MTQ2NjAwNA%3D%3D&el=1_x_6
http://www.researchgate.net/profile/Michael_Stewart4?enrichId=rgreq-6681ef87-bff9-4b45-bf5c-b404cbaa4089&enrichSource=Y292ZXJQYWdlOzI4MDY0MzMyNDtBUzoyNTg3MDQ5MDE2Njg4NjZAMTQzODY5MTQ2NjAwNA%3D%3D&el=1_x_7

Hippocampal circuit dysfunction in the Tc1 mouse model of Down syndrome
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Abstract

Hippocampal pathology is likely to contribute to cognitive disability in Down
syndrome, yet the neural network basis of this pathology and its contributions to
different facets of cognitive impairment remain unclear. Here we report dysfunctional
connectivity between dentate gyrus and CA3 networks in the transchromosomic Tcl
mouse model of Down syndrome, demonstrating that ultrastructural abnormalities and
impaired short-term plasticity at dentate gyrus—CA3 excitatory synapses culminate in
impaired coding of new spatial information in CA3 and CA1 and disrupted behavior
in vivo. These results highlight the vulnerability of dentate gyrus—CA3 networks to
aberrant human chromosome 21 gene expression and delineate hippocampal circuit
abnormalities likely to contribute to distinct cognitive phenotypes in Down syndrome.

Introduction

Down syndrome (DS) results from trisomy of human chromosome 21 (Hsa21) and is
the most common genetically defined cause of intellectual disability. However, the
functions of many Hsa21 genes and the relative contributions of their overexpression
to the diverse symptoms of DS remain undetermined. A range of aneuploid mouse
models has been engineered to address this issue by linking trisomic overexpression
of particular subsets of Hsa21 genes or their mouse orthologs to particular subsets of
symptoms" >, Several of these mouse lines show hippocampal dysfunction and
associated cognitive deficits, thereby corroborating clinical data suggesting that
hippocampal abnormalities**®” may be a root cause of some pre-dementia cognitive
deficits—particularly in the realm of learning and memory —in DS*?.

Ts65Dn mice are the most widely studied DS model. They are partially trisomic for
mouse chromosome 16, which has a region of conserved synteny with Hsa21, but
their genetic basis in relation to DS is complicated by the trisomy of at least 60 non-
DS-related genes on mouse chromosome 17 (refs. 10,11). Ts65Dn mice display
altered synaptic density, plasticity and excitatory—inhibitory balance in the
hippocampus'***** and abnormal synaptic morphology in the dentate gyrus (DG) and
CA3 (refs. 15,16). However, the net impact of DG—CA3 dysfunction on in vivo
hippocampal circuit function, information coding and output via CA1 in Ts65Dn mice
has not been ascertained. The Tcl transchromosomic mouse line carries most of
Hsa21 and is therefore a more direct model of trisomy 21. Tc1 mice also show
phenotypic alterations in hippocampus-dependent behavior and synaptic plasticity in
DG, alongside cerebellar, cardiovascular and craniofacial traits reminiscent of human
DS'" ', Taken together with findings in Ts65Dn mice, it therefore appears that DG



and CA3 networks may be selectively vulnerable to changes in expression of Hsa21
genes or their mouse orthologs.

DG and CA3 abnormalities are likely to affect the routing, storage and recall of
information involving pattern separation and completion'®. This processing relies on
feedback loops between the two subregions, which incorporate excitatory projections
from DG granule cells (GC) to the autoassociative CA3 pyramidal cell network via
mossy fibers (MF), GC MF projections to CA3 GABAergic interneurons and CA3—
DG feedback via back-projections to GCs, DG interneurons and excitatory mossy
cells of the hilus. The tuning of these circuits enables strong but selective excitation of
subsets of CA3 pyramidal cells by specific GC assemblies. MF axons form low-
density, high-efficacy excitatory synapses that target specialized postsynaptic
structures known as thorny excrescences on CA3 pyramidal cells. These synapses are
characterized by marked facilitation in response to repetitive GC firing at short
latencies and can thereby act as 'conditional detonator' synapses, inducing
postsynaptic CA3 pyramidal cell spiking and consequent activation of connected CA1
cell ensembles only during particular patterns of GC activity®.

Even subtle alterations of connectivity and excitatory—inhibitory balance in the DG—
CA3 system are likely to confound accurate disambiguation or association of
contextual (for example, spatial) and temporal information during pattern separation
and completion, respectively, leading to impaired hippocampus-dependent episodic
memory processing in DS and related diseases®'. Using a combination of in vitro and
in vivo imaging, and electrophysiological and behavioral analyses, we show that
overexpression of Hsa21 genes leads to ultrastructural and neurophysiological
synaptic changes in DG and CA3 networks, and that consequent CA1 dysfunction
contributes to cognitive impairment in the Tcl mouse model of DS.

Results
Impaired mossy fiber short-term plasticity in Tc1 mice

To survey core features of hippocampal excitatory synaptic transmission in Tcl mice,
we recorded extracellular field potentials evoked by MF or Schaffer collateral
stimulation in hippocampal slices from adult Tc1 mice and age-matched, wild-type
littermates. Baseline DG—CA3 transmission assessed using input-output curves was
similar in Tc1 and wild-type mice (two-way mixed ANOVA, F(1,19) =059, P =
0.45; Fig. 1a), as was DG granule cell excitability (Supplementary Fig. 1). However, a
key physiological feature of MF transmission is pronounced short-term synaptic
facilitation during repetitive stimulation. We investigated this phenomenon by
delivering paired-pulse stimuli with inter-stimulus intervals (ISIs) increasing
logarithmically from 10 to 1,000 ms. MF field EPSPs from Tc1 and wild-type mice
exhibited pronounced paired-pulse facilitation (PPF) at all ISIs tested, but PPF was
consistently reduced (by 5-20%) in Tc1 mice relative to wild-type controls (two-way
mixed ANOVA, F(1,19) =7.02, P =0.02; Fig. 1b). MF synapses also classically
show marked frequency facilitation to trains of presynaptic stimuli delivered at ~1 Hz.
Synaptic facilitation during a 20-stimulus, 1-Hz train was strongly attenuated in Tcl
mice as compared to wild-type controls (two-way mixed ANOVA, F(1,19) =10.99, P
=0.004; Fig. 1¢), though the facilitation time constant was not different between the




genotypes (wild type, 3.04 +0.26 s (mean + s.e.m.); Tcl,2.67 £ 0.31 s; unpaired #-
test, #(19) = 0.88, P = 0.39).

In addition to MF short-term synaptic plasticity, we investigated NMDA receptor—
independent long-term potentiation (LTP) at MF synapses in Tc1 and wild-type mice.
LTP was induced using a 1-s, 100-Hz conditioning stimulus repeated three times at
10-s intervals (Fig. 1d). At 25-30 min after tetanization, we observed a stable LTP of
294 + 11% and 32.8 + 8% in wild-type and Tcl mice, respectively (unpaired #-test,
#(6) =—0.25, P =0.81). The group II metabotropic glutamate receptor agonist DCG-
IV (2 uM) was applied at the end of experiments to confirm that responses were
predominantly MF driven® (Fig. 1d).

In contrast to that at MF-CA3 synapses, short-term plasticity (PPF) at Schaffer
collateral synapses between CA3 and CA1 pyramidal cells remained intact in Tcl
mice, and CA3-CA1 baseline transmission and LTP were also normal
(Supplementary Fig. 2). Thus, while LTP appears intact in both CA3 and CA1, the
short-term plasticity characteristic of MF-mediated responses is preferentially
impaired in Tcl mice, consistent with preferential dysfunction of MF-CA3
transmission in the Tc1l model. This short-term facilitation is likely to be central to the
'conditional detonator' properties of DG—CA3 connectivity, thereby tuning DG-CA3
interactions and downstream CA1 information processing during behavior.

Abnormal synapse density and ultrastructure in Tcl mice

We used electron microscopy to characterize the structural underpinnings of
hippocampal dysfunction in Tc1 mice, focusing on the DG—CA3 networks implicated
by the brain slice electrophysiology described above. Hippocampus:brain volume
ratios were normal in Tcl mice relative to wild-type littermates (0.079 and 0.075,
respectively; Supplementary Fig. 3a), suggesting gross hippocampal anatomy to be
consistent between the two genotypes. In the DG of Tc1 mice, overall GC densities
were normal (Supplementary Fig. 3b), as was general synaptic organization of middle
molecular layer (MML), where input from superficial layers of the entorhinal cortex
forms excitatory synapses with GC dendritic spines. However, overall MML synapse
density measured using three-dimensional reconstructions in a given tissue volume
was significantly reduced in Tc1 mice (by 14.6%; P = 0.018; Fig. 2a).

To establish whether the balance of MML synapse categories was altered in Tcl
mice, we classified spines as thin, stubby, mushroom or axo-dendritic according to
their morphology and location. The proportions of all four subclasses of spines were
normal in Tc1 mice (Fig. 2b). There were no statistically significant differences in
volume or surface area of mushroom spines, the spine population that may represent
mature synapses>. However, three-dimensional reconstructions revealed that
postsynaptic density (PSD) volumes of mushroom spines in the MML of Tc1 mice
were significantly smaller than in wild type (0.014 + 0.002 um’® versus 0.021 + 0.002
um’, respectively, P = 0.011; Fig. 2c—e). Overall, these results suggest reduced input
from entorhinal cortex to DG in Tcl mice.

CA3 pyramidal cell densities were normal in Tc1 mice (Supplementary Fig. 3c).
However, changes in CA3 synaptic architecture in Tc1 mice were more pronounced
than in DG, with proximal apical dendrites of CA3 pyramidal cells showing a




profound loss of postsynaptic thorny excrescences (compare serial sections Fig. 3a—d
from wild type with Fig. 3e—h from Tc1), particularly evident in three-dimensional
reconstructions of CA3 dendritic segments (compare Fig. 31 with Fig. 3j;
Supplementary Fig. 4). Thorn density was reduced from 3.8 + 0.7 um’ in wild type to
1.54 +0.32 um’ in Tc1 CA3. Related effects on mossy fiber (MF) presynaptic giant
boutons and PSDs are shown in Supplementary Figure 4. Although average thorny
excrescence volume was similar (0.66 + 0.13 um’ versus 0.72 + 0.10 um” in wild type
and Tcl, respectively), the average volume of individual giant boutons was markedly
decreased in Tc1 mice (to 1.54 +0.32 um’, versus 8.56 + 2.48 um’ in wild type).
Similarly, Tcl PSDs were smaller and less complex than in wild-type CA3 (0.009 +
0.002 pm’ versus 0.015 + 0.002 um’, respectively).

The main ultrastructural differences between DG MF-CA3 synapses in Tcl and wild-
type mice are summarized schematically in Supplementary Figure 5. These are likely
to result in reduced direct excitation of CA3 pyramidal cells by input from DG GCs in
the Tcl DS model.

Imaging of mossy fiber input to CA3 pyramidal cells

To test whether perturbed synaptic connectivity in area CA3 of Tcl mice could be
detected in live cells, we examined fine dendritic structures in CA3 pyramidal cell
dendrites using two-photon excitation imaging in acute hippocampal slices. Cells
were held in whole-cell mode, loaded with a bright morphological tracer and showed
robust synaptic responses throughout the experiments (see below and Online
Methods). To minimize measurement bias, an unsupervised thresholding algorithm
was used to calculate the maximum projection area of readily identifiable thorny
excrescences per dendritic length in the first 15-20 um of the primary apical dendrite
and second-order dendrites next to the first bifurcation (Fig. 4a—d; Online Methods).
Average thorny excrescence area per unit dendritic length for the primary apical
dendrite was ~87% greater in wild-type than in Tcl CA3 pyramidal cells (1.049 +
0.158 pm versus 0.560 + 0.065 um; n = 13 and 16, respectively; unpaired z-test, #(27)
=3.07, P =0.011, conservative with Welch correction; Fig. 4e). A similar, nearly
twofold difference was found in the second-order dendrites next to the first
bifurcation (0.912 + 0.08 um versus 0.494 + 0.049 um, n = 23 and n = 28,
respectively; #(49) =4.64, P =2.67 x 107 Fig. 4e). These results confirm that
ultrastructural synaptic abnormalities in Tc1l mice were not generated by the electron
microscopy fixation process, and they appear profound enough to impair DG-CA3
functionality.

Reduced MF input to CA3 pyramidal neurons in Tcl mice

To test whether the functional MF input to CA3 pyramidal cells paralleled structural
changes, we recorded miniature excitatory postsynaptic currents (mEPSCs) from CA3
pyramids (whole-cell mode, V,, = =70 mV) in the presence of 1 uM TTX. First, we
measured the average overall frequency of mEPSCs as a basic indicator of the
excitatory synaptic input. We found no differences between Tcl and wild-type slices
(n=11 and 18, respectively; P = 0.843). However, in addition to MF synapses, CA3
cells receive a powerful excitatory input from commissural fiber projections that
might mask reductions in MF input. We therefore sought to measure the contribution



of MF synapses by using a classical pharmacological dissection, suppressing MF
release function with DCG-IVZ%,

As expected, applying 2 puM DCG-IV for 15 min to wild-type slices reduced the
frequency of mEPSCs from 1.70 + 0.4 Hz to 0.37 £ 0.1 Hz (n = 10 cells from 8 mice;
1(9) =-6.58, P =1.01 x 107 Fig. 5a). In slices from Tc1 mice, this frequency was
reduced by DCG-IV from 1.67 + 0.4 Hz t0 0.69 + 0.3 Hz (n = 14 cells from 9 mice;
1(13) =—-4.71, P =4.07 x 107*; Fig. 5b). We found that the average contribution of
DCG-IV-sensitive mEPSCs (attributable to the MF connectivity of CA3 pyramidal
cells) was significantly lower in Tc1 than wild-type mice (wild-type 79.9 + 3% and
Tcl 59.0 + 8.7% of all mEPSCs, respectively; #(22) = 1.96, P = 0.037, non-equal-
variance t-test; Fig. 5c). This suggests that the relative weight of DG—-CA3 synaptic
connections (as compared to commissural ones) in the Tcl sample was significantly
lower than in the wild type. In addition, the variation of the DCG-IV effect among
individual cells in the Tc1 mice was ~30% greater than in the wild type (P < 0.005,
variance test). Indeed, one subgroup of sampled cells in the Tcl mouse (n =5)
showed a markedly reduced effect of DCG-IV (Fig. 5¢).

This bimodality in the Tc1 group of cells could be because Tcl mice are mosaic for
Hsa21, with different proportions of cells in different tissues carrying the extra
chromosome; estimates of aneuploidy across whole brain range from 60-70% (ref.
17). To test whether the uneven distribution of the DCG-IV sensitivity reflects this
mosaicism at structural and functional levels, we examined the relationship between
the frequency of DCG-IV-sensitive mEPSCs and the expression of thorny
excrescences documented in the same cells. This analysis revealed that the thorny
area per dendritic length was indeed positively correlated with the magnitude of the
DCG-IV effect in the same cell (n = 7, linear regression at P = 0.035; Fig. 5d), thus
establishing a relationship between morphological and functional cell phenotypes.
These data provide evidence that Hsa21 aneuploidy resulted in reduced
morphological and functional connectivity in the MF-CA3 pyramidal cell circuitry.

MFs also project to GABAergic interneurons in CA3 (ref. 24), raising the possibility
that altered DG—CA3 connectivity in Tcl mice may also affect inhibitory circuitry. To
assess this, live MF axons in acute brain slices from five Tc1 and five wild-type mice
were electroporated with fluorescent dye to allow two-photon imaging of MF-
interneuron presynaptic terminals (Fig. Se; Online Methods). These MF—interneuron
connections are structurally distinguishable from the giant boutons synapsing on
pyramidal cells, appearing either as filopodium-like protrusions from MF giant
boutons or as relatively small en passant boutons in MF axons®. We found that Tc1
and wild-type MF displayed similar anatomy, with similar numbers of detectable
filopodial boutons (per giant bouton, P = 0.58, rank sum test) and en passant boutons
(per unit length of MF axon, P = 0.75, rank sum test) in the two genotypes (Fig. 5f).
These structural data indicate that DG—CA3 inhibitory connections appear unaltered,
in contrast to the impaired excitatory connections in Tcl mice.

Impaired place cell coding in CA3 and CA1 of Tcl mice
Aberrant DG—CA3 synaptic morphology and short-term plasticity in Tcl mice are

likely to impair spatial information processing both within CA3 and, consequently, in
downstream circuits in CA1l. We therefore used implanted tetrodes to record either



dorsal CA3 or CA1 place cell activity in freely moving Tcl and wild-type mice as
they explored a novel, 80-cm-long linear track (Fig. 6). These behavioral conditions
are likely to recruit entorhinal-hippocampal systems underpinning spatial learning
and memory.

CA3 pyramidal cells in Tc1 (52 cells from 3 mice) and wild-type mice (47 cells from
3 mice) exhibited comparable mean firing rates (0.9 +0.1 and 1.1 +0.2 Hz,
respectively; P = 0.15, rank sum test). However, CA3 pyramidal cell activity was
more spatially diffuse in Tcl mice, with Tc1 place cell spiking covering 29 + 1.3%
and wild-type spiking 25 + 1.5% of the linear track (#(97) = -2.08, P = 0.039,
unpaired #-test; Fig. 6e—g).

Larger place fields in the absence of higher firing rates may stem from trial-by-trial
instability in firing locations; this effect has recently been demonstrated in CA1 of the
Tg4510 mouse model of dementia®® and in mice lacking functional NMDA receptors
in CAL (ref. 27). Inter-trial spatial cross-correlations (given as median [interquartile
range]) were slightly lower for Tc1 CA3 place cells (0.059 [-0.02 to 0.14]) than wild-
type place cells (0.071 [-0.01 to 0.27]; P = 0.049, rank sum test; Fig. 6h), showing
reduced stability of location-specific firing in Tcl CA3, consistent with compromised
input from upstream DG cell ensembles.

The activity of place cells is typically directionally sensitive on linear tracks, with
firing rates conjunctively encoding both location and running direction. This
directionality was quantified using a directional index (DI), defined as the magnitude
of the difference between firing rates in the two directions divided by the sum of the
two firing rates. DI therefore ranges between O for place cells that fire at identical
rates in the two directions and 1 for cells that only fire in one of the two directions. In
CA3, DI was similar for Tcl (0.62 + 0.04) and wild-type (0.60 + 0.04) place cells
(#(97) =-0.31, P =0.76, unpaired t-test; Fig. 6i), indicating that at least some core
features of CA3 spatial coding persist in Tc1 mice despite compromised DG input.

Aberrant CA3 place cell activity is likely to culminate in impaired spatial coding in
CA1, where place cells are driven by convergent input from CA3 Schaffer collaterals
and spatially modulated cells in the entorhinal cortex via the temporoammonic
pathway. We isolated 50 putative CA1 pyramidal cells from Tc1 mice (n = 7 mice)
and 63 from wild type (n = 7 mice) (mean cluster isolation distances 19 + 1.6 and 15
+ 1.1 for Tcl and wild type respectively; P = 0.054, unpaired #-test; Fig. 6¢.d) during
a single session on the linear track for each mouse. Consistent with the in vitro data
showing normal excitability in CA1 of Tcl hippocampal slices, mean pyramidal cell
firing rates on the track were similar in Tcl mice and wild-type littermates (1.8 +0.2
and 1.6 + 0.1 Hz, respectively; P = 0.55, unpaired #-test), suggesting that overall CA1
excitability levels were not grossly affected by DG—CA3 changes. In line with our
observations of CA3 place cell activity, however, CA1 pyramidal cell firing was more
spatially diffuse (median place field sizes, 36% [32 to 39] and 30% [21 to 36] for Tcl
and wild type, respectively; P = 0.0003, rank sum test; Fig. 6g) and less stable from
lap to lap in Tc1 mice (median inter-trial spatial cross-correlations, 0.044 [0.002 to
0.095] and 0.092 [0.001 to 0.29] for Tcl and wild type, respectively; P = 0.042, rank
sum test; Fig. 6h), suggesting that compromised CA3 place cell activity leads to
downstream impairment in spatial coding in CA1 in Tc1 mice. Furthermore, DI for
Tcl CA1 place cells was 0.39 + 0.04, significantly lower than for wild-type (0.60 +



0.03; #(98) =3.31, P =0.0013, unpaired #-test; Fig. 61). Therefore, alongside reduced
spatial selectivity and stability, Tcl CA1 place cell firing rates discriminate running
direction less accurately than CA1 place cells in wild-type mice.

Impaired hippocampus-dependent behavior in Tcl mice

Efficient spatial working memory performance (win-shift behavior) on the radial arm
maze requires the ability to distinguish accurately between similar reward arms and
between different visits to those arms, and is thus likely to rely on effective pattern
separation and completion and on accurate spatial coding in place cell networks to
disambiguate between overlapping events or episodes. This behavior depends in part
on DG function, since it is disrupted by deletion of the GluN1(NR1) subunit of the
NMDA receptor selectively from the GC of the DG*, and was therefore chosen to
probe DG—CA3-dependent behavior in Tcl mice under linear track-running
conditions related to those used for place cell recordings.

Tcl mice (n = 9) were slower than wild-type littermates (n = 11) to attain an efficient
level of spatial working memory performance on the radial maze task, with a
significant main effect of block (F(3,54) = 56.20; P = 1 x 107*) and, notably, a
significant genotype-by-block interaction (Fig. 7; F(3,54) = 3.36; P = 0.025; Online
Methods). This was independent of the age at which the animals were tested (all
interactions P > 0.20, although overall performance was poorer in older animals;
F(1,18) =8.18; P =0.01). Further investigation of the genotype-by-block interaction
using analysis of simple main effects revealed that spatial working memory
performance in the Tcl mice was significantly impaired during the second block of
testing (F(1,18) = 10.78; P = 0.004). There was also a nonsignificant trend toward
impaired performance in block 3 (F(1,18) =2.96; P =0.10), but by block 4 Tcl
performance was similar to that of wild-type animals (F(1,18) =0.134; P =0.72).

To control for the possibility that differences in spatial working memory performance
were due to differences in running speed (animals that run more slowly may
experience a longer delay between choices, and thus experience a greater mnemonic
demand), running times were recorded during trials 14—16 of the second training
block. The total time to complete the trial and collect all six rewards was recorded and
divided by the total number of arm choices made, giving a measure of performance
speed in terms of time per choice. The performance speeds did not differ between
groups (median [interquartile range]: wild-type, 26.0 s [22.3-28.9]; Tc1,28.0 s [27.8—
33.4], P =0.07, rank sum test). Spatial working memory performance (choice
accuracy) was impaired in the Tcl mice during these trials (errors per trial: wild type,
042 +0.12; Tcl,1.44 +£0.52; 1(18) = 2.10; P = 0.05). These behavioral data therefore
corroborate conclusions from structural and neurophysiological studies of DG, CA3
and CAl in the Tcl mouse model of DS, showing that impaired activity and
interactions in these hippocampal subfields culminate in cognitive dysfunction
associated with overexpression of Hsa21 genes.

Discussion
Our ultrastructural analyses of DG MML and proximal dendrites of CA3 pyramidal

cells in both fixed tissue and living cells reveal synapse loss and altered spine
morphology in Tc1 mice strikingly reminiscent of that reported in the Ts65Dn mouse



model of DS'®; this implicates altered expression of genes common to both models in
triggering hippocampal abnormalities. Additional DS mouse models include Ts1Cje
and Ts1Rhr mice, the latter being trisomic for only a Down-syndrome-critical subset
of mouse genes triplicated in both Ts65Dn and Ts1Cje (ref. 29). Since the reduction
of MML synapse density appears common to the Tc1, Ts65Dn and Ts1Rhr models,
conserved syntenic regions of mouse chromosome 16 and Hsa21 may trigger this DG
phenotype. Specific candidate genes include the dual-specificity protein kinase
Dyrk1A, which is increasingly implicated in Alzheimer disease—related pathology in
DS*. However, since Tc1 mice unexpectedly fail to overexpress human amyloid
precursor protein, the synaptic abnormalities described here can be categorically
dissociated from Af-associated neurodegeneration. Tcl mice therefore recapitulate
hippocampal dendritic spine abnormalities seen in humans with DS before the onset
of Alzheimer disease® and present an opportunity to distinguish between DS and
Alzheimer disease—related phenotypes.

Reduced DG MML synapse density, smaller PSD volumes and reduced presence of
postsynaptic thorny excrescences are likely to underlie the reduced surface expression
of the AMPA receptor subunit GluR1 seen in Tc1 mice'®, presumably resulting in
reduced excitatory synaptic drive of GCs by entorhinal cortical afferents via the
medial perforant pathway. Despite this, we found no evidence for a compensatory
increase in GC intrinsic excitability (Supplementary Fig. 1). The smaller mushroom
spine PSDs in Tc1 mice are also consistent with attenuation of synaptic plasticity—
induced synaptic enlargement® and may reflect the attenuated perforant path
plasticity evident in Tc1 mice'”'®. Plasticity at perforant path-GC synapses is
required for normal DG function—for example, underpinning pattern separation.
Thus, entorhinal cortex input to DG in this mouse model of DS appears severely
compromised, and this is presumably a critical contributor to impaired CA3 and CAl
place cell function in Tc1 mice.

Behavioral data suggest that Tc1 hippocampal circuit abnormalities manifest
preferentially during periods of enhanced demand for spatial memory processing. Tcl
mice have been reported to show normal learning in a standard version of the water
maze and normal spontaneous alternation in a T-maze", a rule- and reinforcement-
free test of innate behavior, but show significant impairments in the six-arm radial
arm maze task used here. This is consistent with impaired pattern separation and
preferential retardation of more complex cognitive processing during conditions that
require disambiguation of multiple rewarded locations and/or episodes and may
therefore demand enhanced entorhinal cortex—DG recruitment. Further testing is
required to determine whether Tc1 behavioral impairments also reflect load-
dependent visuospatial working memory deficits, a phenotype observed in human
DS*. However, alongside evidence for DG hypocellularity in DS**, over-inhibition of
DG in Ts65Dn mice® and impaired DG-dependent behavior in the Ts65Dn model®,
our study indicates that attenuated entorhinal cortex—DG synaptic function may be a
central contributor to intellectual disabilities stemming from pattern separation
failures. Whether or not direct entorhinal cortex input to CA1 via the
temporoammonic pathway is also compromised in DS or DS models remains to be
tested. It may be that unreliable spatial coding in CA1 of Tcl mice stems from
disrupted input from both the DG—CA3 network and temporoammonic pathway,
creating a 'mismatch' between inputs from CA3 place cells and spatially modulated



cells in entorhinal cortex (that is, grid cells, border cells and head direction cells)
during memory-guided behavior.

Different components of hippocampus-dependent information processing cannot be
categorically assigned to single hippocampal subfields, and the trade-off between
pattern separation and completion is mediated by the DG and its interactions with
CA3 (refs. 19,36). Reduced synaptic drive of DG might be expected to lead to
reduced downstream activation of CA3 in Tcl mice, particularly when combined with
the profound reduction in the number and complexity of MF-CA3 pyramidal cell
excitatory synapses evident at the electron microscopy level. Our patch-clamp
recordings from CA3 pyramidal cells combined with two-photon excitation imaging
in acute slices showed a smaller proportion of MF-associated miniature excitatory
events in Tc1 than in wild-type mice. This reduced drive by MF was correlated with
reduced thorny excrescence volume in individual recorded cells (including those
potentially carrying Hsa21, since Tcl mice are mosaic for the transchromosome).
These analyses point to attenuated DG—CA3 interactions as a central component of
hippocampal dysfunction in Tc1 mice.

In addition to reduced basal MF input, our data show an impairment of MF short-term
synaptic facilitation in Tc1 mice. This form of short-term plasticity is triggered by
mechanisms dependent on presynaptic Ca®* concentration. Its impairment may
therefore reflect the reduced MF giant bouton volume shown here in Tcl mice,
although the abnormal postsynaptic excrescences may also contribute. The fact that
NMDA receptor—independent LTP at MF synapses appeared intact in Tc1 mice (as it
does in organotypic slices from the Ts65Dn mouse model of DS??) supports the notion
that Ca** from different sources may trigger the two forms of plasticity*, which may
in turn make differential contributions to information processing. Nevertheless,
attenuated MF short-term plasticity is likely to detract from detonator synapse
function and exacerbate impaired information transfer across DG, CA3 and CA1
networks in Tcl mice. A similar deficit in MF short-term potentiation has been
identified in a transgenic mouse model of Alzheimer disease®®, and hence this
phenotype may be more widely distributed in conditions associated with cognitive
impairment.

DS is a systemic disease, and its cognitive symptoms are unlikely to stem solely from
hippocampal dysfunction. Nevertheless, the central roles of the hippocampus in
rapidly and accurately encoding, integrating or retrieving components of episodic
memory do mean that any reduced or aberrant connectivity in hippocampal circuits is
likely to prove disproportionately disruptive —particularly if present throughout the
lifespan, as appears to be the case in DS**%”. Abnormalities in DG and CA3 may be
particularly disruptive, since their precisely connected and dynamically tuned
networks act together to filter and associate information during mnemonic
processing'®. Commonalities across aneuploid mouse models of DS now point to
overexpression of a subset of Hsa21 genes (not including amyloid precursor protein,
responsible for Alzheimer disease—related neurodegeneration) driving a combination
of reduced entorhinal cortex input to DG, abnormal DG-CA3 connectivity and
consequently impaired information processing in CA3 and CA1 networks. These
abnormalities are likely to preferentially impair cognition dependent on pattern
separation and completion (for example, disambiguation between overlapping



competing memories), and cognitive testing in people with DS should be used to test
this explicitly.

Finally, the impact of potential pharmacological therapies for cognition in DS** on
DG-CA3-CALl interactions should also be reconsidered: the network effects of
targeting one hippocampal subfield (for example, normalization of reduced inhibition
in DG*) must be taken into account, and therapeutic approaches based on Alzheimer
disease—associated cognitive impairments** may not be well suited to treatment of
pre-dementia DS. That said, potential pharmacological or behavioral therapies
influencing DG neurogenesis*** may go some way to rebalancing the entorhinal-
hippocampal networks that this study of Tc1 mice implicates as central to

hippocampal abnormalities in DS.
Methods
Animals.

Experiments were performed in accordance with the UK Home Office Animals
(Scientific Procedures) Act (1986) and institutional Ethical Committee guidelines.
The transchromosomic mouse line Tc1 was generated as described elsewhere'”. This
trans-species aneuploid mouse line stably transmits a freely segregating, almost
complete copy of Hsa21 in a C57BL/6J_129S8 (F2) genetic background. Tc1 and
their wild-type littermates are obtained from the mating of C57BL/6J_129S8 (F1) Tcl
females with C57BL/6J_129S8 (F1) males. Animals were genotyped by PCR, weaned
at 3 weeks and housed by gender and litter under standard conditions. Experiments
were conducted on adult male mice during the light phase of a 12-h light/dark
schedule (with lights on at 7:00 a.m.) unless stated otherwise.

Histology and electron microscopy.

Mice were anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and transcardially
perfused with 0.5% glutaraldehyde and 2% paraformaldehyde. For volume estimates,
50-um coronal sections were taken using a Leica vibratome and every fifth section
mounted on gelatin-coated glass slides and stained using toluidine blue (0.5% for 1
min). Sections were dehydrated and mounted with DPX under cover glass and JPEG
mages were captured under a X1 objective. Full-field JPEG images were aligned and
the contours of each section of brain and hippocampal region traced digitally and
volumes computed.

For electron microscopy, coronal vibratome hippocampal sections (50 um thick) were
cut and fixed further by immersion in 0.1 M sodium cacodylate buffer (pH 7.2-7.3)
containing 2.5% glutaraldehyde for 1-2 h at room temperature, followed by three
washes in 0.1 M sodium cacodylate buffer. Tissue was postfixed with 1% osmium
tetroxide and 0.01% potassium dichromate in 0.1 M sodium cacodylate buffer for 1—-
1.5 h at room temperature. Serial sections were cut with a Diatome diamond knife,
forming a ribbon of 800—1,000 serial sections in the knife bath. These were broken
into series of 15-20 sections, collected on pioloform-coated slot grids and
counterstained with saturated ethanolic uranyl acetate followed by Reynolds lead
citrate. The series were examined with a JEOL 1010 electron microscope and
photographed at a magnification of 6,000—-10,000. Cross-sectioned axons, dendrites



and mitochondria spanning all sections provided a reference for initial alignment of
serial sections. Section thickness was determined using the approach of Fiala and
Harris*.

Digitally scanned electron microscopy negatives (900 dpi) were aligned as JPEG
images (software available from J. Fiala and K.M. Harris,
http://synapses.clm.utexas.edu/). Alignments were made with full-field images.
Contours of individual cells and their elements were traced digitally and computed to
enable three-dimensional reconstructions. For synapse density analysis, 4 mice per
group were analyzed with 1 series of 50 sections per animal, (~30 um’ of tissue for
each). Analyses of variance (ANOV As) followed by Bonferroni's or Tukey's unequal
N honest significant differences tests were performed with Origin 7.0 (Northampton,
MA). Data are presented as mean + s.e.m.

In vitro electrophysiology, preparation 1: two-photon excitation imaging and
whole-cell recording.

Acute hippocampal slices 280 um thick were obtained from 6- to 10-week-old male
Tcl mice and wild-type littermates. Slices were prepared in ice-cold slicing solution
containing (in mM) NaCl 60, sucrose 105, KCI 2.5, MgCl, 7, NaH,PO, 1.25, NaHCO,
26, CaCl, 0.5, ascorbic acid 1.3, sodium pyruvate 3 and glucose 8 (300-310 mosM),
stored in slicing solution at 34 °C for 20 min before being transferred to an interface
chamber for storage in extracellular solution containing (in mM) NaCl 119, KCI 2.5,
MgSO, 1.3, NaH,PO, 1, NaHCO, 26, CaCl, 2, glucose 20 (adjusted to 295-305
mosM with glucose). All solutions were bubbled continuously with 95% O,/5% CO,.
Slices were allowed to rest for at least 60 min before recordings started. For
recording, slices were transferred to the submersion-type recording chamber and
superfused, at room temperature (22-24 °C), with artificial cerebrospinal fluid
saturated with 95% O,/5% CO, containing (in mM) NaCl 119, KCl 2.5, NaH,PO, 1,
CaCl, 2, MgSO, 1.3, NaHCO; 26, glucose 20 (pH 7.4, osmolarity 295-305 mosM).

Electrophysiology. Whole-cell recordings in CA3 pyramidal neurons were performed
using 3-3.5 M€ pipettes with an intracellular solution of (in mM) potassium
gluconate 130, KCI 5, MgCl, 2, HEPES 10, di-tris-phosphocreatine 10, Na-ATP 4,
Na-GTP 0.4 (pH adjusted to 7.2 with KOH, 290-295 mosM). The morphological
tracer Alexa Fluor 594 hydrazide (50 uM) was also included in the intracellular
solution. Voltage clamp recordings of miniature EPSCs were made, with the mEPSCs
recorded at —70 mV. Receptor agonists and antagonists purchased from Tocris
Cookson (Bristol, UK) were added to the aCSF at the following concentrations (in
uM): TTX 1, picrotoxin 100 and DCG-IV ((25,2'R,3'R)-2-(2' 3'-
dicarboxycyclopropyl)glycine) 2. Recordings were performed with a Multiclamp
700B amplifier (Molecular Devices). Recording sweeps were collected at 5 kHz using
WinWCP (Strathclyde Electrophysiology). mEPSCs were recorded over 15-min
periods in control and treated conditions; data were then analyzed off-line using Mini-
Analysis software (Synaptosoft). mEPSCs were detected if their amplitude was
greater than the threshold of SpA, and considered for analysis if their rise time was
shorter than their decay time. Fluorescent probes were purchased from Invitrogen.

Two-photon excitation fluorescence imaging. We used a Radiance 2000 imaging
system (Zeiss-Bio-Rad) or Olympus Fluoview imaging system optically linked to a



Mai-Tai femtosecond pulse laser (Spectraphysics-Newport) and integrated with patch
clamp electrophysiology. CA3 pyramidal cells loaded with 50 uM Alexa Fluor 594
were imaged as stacks of 30—60 optical sections in the Alexa Fluor 594 emission
channel (A,*" = 800 nm), collected in image frame mode (512 pixels x 512 pixels, 8-
bit) in 0.5-um steps (Fig. 4). To minimize any measurement bias, we calculated the
visible (maximum projection) area of the identifiable thorny excrescences per
dendritic length in the first 15-20 pm of (i) the primary apical dendrite and (ii)
second-order dendrites next to the first bifurcation using an unsupervised thresholding
algorithm. The algorithm divides the image into objects and background by initiating
a test threshold and computing the average of the pixels at or below the threshold and
pixels above. It then computes the average of those two, increments the threshold and
repeats the process until threshold = (average background + average objects)/2. For
figure illustration purposes, the image stacks were z-axis averaged with ImageJ
routines (Wayne Rasband, ImageJ, US National Institutes of Health).

Visualization of live mossy fiber boutons by axonal electroporation of fluorescent
tracer dyes. To visualize the morphology of mossy fiber giant boutons in acute
hippocampal slice preparations, a modification of the electroporation method
originally described by Nevian and Helmchen® was developed. As opposed to
electroporating individual dentate granule cells with fluorescent dyes and tracing the
axons to CA3, mossy fiber axons in CA3 stratum lucidum were directly loaded by
electroporation. Slices were prepared and maintained as per preparation 1. The mossy
fiber tract was routinely identified under DIC and a monopolar glass stimulating
electrode (4-5 M€ tip resistance) filled with intracellular solution supplemented with
1 mM Alexa Fluor 594 (to highlight the morphology of labeled boutons) and 1 mM of
the Ca®" sensitive dye Fluo-5F (to assess their viability) was positioned with the tip at
a 45-90° angle to the edge of the tract facing toward the pyramidal cell layer. Once
positioned, a 100-ms duration, —10 V electroporation pulse was delivered through a
constant voltage stimulus isolation box (Digitimer, Welwyn Garden City, UK);
multiple electroporation sites were used per slice until one or more MF boutons could
be readily imaged. Boutons displaying morphology as observed in whole cell patch
loaded granule cells* with little fluorescence in the Fluo S5F channel, indicating a low
basal [Ca®];, were accepted for further investigation. Bouton morphology was imaged
in frame scan mode as a stack of 30—-60 frames taken in 0.25-um steps, with a size of
512 x 512 pixels and a pixel size of 0.05 pm. Numbers of en passant and filopodial
axonal boutons were then counted using 3D stacks of images by an experimenter who
was blinded to genotype until analysis was complete. Morphological criteria for
bouton identification were consistent with detailed 3D reconstructions in fixed
preparations® and with previous reports of live Alexa Fluor 594—filled MFs in acute
slices®.

In vitro electrophysiology, preparation 2: MF-CA3 field potential recordings.

500-pm transverse hippocampal slices were prepared from male, 5- to 7-month-old
Tcl mice and wild-type littermate controls (mean 6 months). Briefly, animals were
killed via cervical dislocation, the brain rapidly removed and placed into ice-cold,
high-sucrose solution containing (in mM) sucrose 189, D-glucose 10, NaHCO; 26,
KCl13,MgSO, 5, CaCl, 0.1, NaH,PO, 1.25 (295-305 mosM). The cerebellum and
frontal cortex were removed and the brain was separated into the two hemispheres.
The hippocampus was then removed from each hemisphere and sliced along its



transverse axis in ice-cold high-sucrose solution. Slices were stored in a submerged
incubation chamber at 37 °C for 30 min and then at room temperature in aCSF
containing (in mM) D-glucose 10, NaCl 124, KCl 3, NaHCO, 24, NaH,PO, 1.25,
MgSO, 1, CaCl, 2 (295-305 mosM). All solutions were continuously bubbled with
95% 0,/5% CO,. Slices were allowed to rest for at least 60 min before recordings
were made. For recording, slices were transferred to an interface-type recording
chamber and superfused at 33 + 1 °C with aCSF saturated with 95% O,/5% CO,.

Electrophysiology. Extracellular recordings were made from stratum lucidum using
glass micropipettes (~3 M) filled with aCSF. Mossy fiber (MF) field EPSPs were
evoked by 100 ps electrical stimulation of the dentate gyrus granule cell layer using a
concentric bipolar stimulating electrode (inner diameter 12.5 um; Royem Scientific
Ltd, Luton, UK) connected to an isolated stimulator box (Digitimer, Welwyn Garden
City, UK). To determine the maximal MF fEPSP, we delivered a saturating 300-pA
pulse. Subsequent stimuli were then delivered at the current capable of inducing half
of the maximum response.

Short-term MF synaptic plasticity was investigated in two ways: first, we recorded
paired-pulses delivered over a range of inter-stimulus intervals varying
logarithmically over two orders of magnitude (10-1,000 ms); second, we measured
the change in synaptic response to a 20-pulse, 1-Hz stimulus train. MF long-term
potentiation (LTP) experiments were performed in the presence of 5 uM L689,560
(Tocris Cookson, Bristol, UK) to block NMDA receptor function. Baseline synaptic
transmission was recorded to stimuli delivered every 30 s for at least 10 min. NMDA
receptor—independent LTP was then induced by a conditioning stimulus consisting of
a 1-s, 100-Hz train, repeated three times at 10-s intervals. LTP was followed for 30
min after tetanization.

Recordings were made using an AxoClamp2B amplifier (Molecular Devices, CA,
USA; Scientifica, Uckfield, UK) in series with a secondary instrumentation amplifier
(NPI, Tamm, Germany). Signals were amplified 2,000 times, low-pass filtered at 10
kHz and sampled at 50 kHz using Clampex 10.1 software (Molecular Devices).
fEPSPs were confirmed as arising from MFs by bath application of 2 pM DCG-IV
(Tocris Cookson); only fEPSPs reduced by =70% after 20 min DCG-IV application
were included in analyses. Excitability of DG GCs was characterized by
extracellularly recording compound action potentials in the GC layer of DG in
response to antidromic activation of MFs by stimulation in area CA3; these
experiments were performed in the presence of the kainate-type AMPA receptor
antagonist NBQX (5 uM).

Data were analyzed off-line using Clampfit 10.1 (Molecular Devices). The maximum
amplitude of the MF fEPSP was measured. N-values refer to experiments performed
on a single slice taken from an individual animal. The Student's #-test and two-way
ANOVA were used to test for significance where appropriate.

In vitro electrophysiology, preparation 3: Schaffer collateral-CA1 field potential
recordings.

For CA3—-CA1 synaptic recordings, 400-um transverse hippocampal slices were
prepared from 9- to 12-week-old Tc1 mice and wild-type littermate controls. Animals



were killed by decapitation and the brain rapidly removed to ice cold slicing medium,
containing (in mM) 125 NaCl, 2.4 KCl, 26 NaHCO;, 1.4 NaH,PO,, 20 D-glucose, 3
MgCl,, 0.5 CaCl,, ~315 mosM. Slices were subsequently transferred at 5-min
intervals to medium containing gradually more-physiological Ca** and Mg**
concentrations (in mM Ca**/Mg*): (0.5/3; 0.5/1; 1/1; 2/1), maintained at 36 °C and
saturated with 95% O,/5% CO,. Finally, slices were left to recover for >40 min in a
submerged incubation chamber at room temperature. For recording, slices were
transferred to a submerged recording chamber and superfused with saturated aCSF
(slicing medium with 2 mM Ca** and 1 mM Mg**, saturated with 95% O,/5% CO, and
maintained at 30 = 1 °C).

Electrophysiology. Extracellular field recordings were made from stratum radiatum
using glass micropipettes (~1.5 MQ), filled with aCSF. Electrical stimulation was
applied to Schaffer collateral fibers at 0.1 Hz via a glass stimulating electrode filled
with aCSF placed in the stratum radiatum either anterograde or retrograde to the
recording electrode and connected to an isolated constant voltage (100 ps) stimulator
(Digitimer, UK). To determine the maximal fEPSP, a stimulus-response relationship
was evoked between 10 and 80 V and subsequent stimulation intensity set at the
lower intensity of either 30-50% maximum response or 30-50% of the threshold for a
population spike. Long-term synaptic plasticity was examined by applying a tetanic
stimulation, consisting of a 200-ms, 100-Hz train, repeated three times at 1.5-s
intervals. LTP was followed for 1 h after conditioning.

Recordings were made using an AxoClamp 2B amplifier (Molecular Devices, CA,
USA) with an HS-2A x1 headstage. 10Vm output signals were filtered at 10 kHz and
subsequently amplified 100 times and low-pass filtered at 2 kHz (Frequency Devices
900 Filter) and then sampled at 10 kHz via an ITC16 digitizer connected to WinWCP
software (Strathclyde Electrophysiology). fEPSP slope was measured from an
average of six responses using the linear function within the Curve-Fit Analysis of
WinWCP.

In vivo electrophysiology.

Tetrode implants and surgery. Ten wild-type and ten Tcl male mice (4—8 months;
three of each genotype for CA3 recordings, seven of each for CA1) were implanted
with four- to six-tetrode microdrives over the right dorsal hippocampus (centered 2.5
mm posterior to and 2.3 mm lateral from bregma for CA3, 1.5 mm lateral for CA1)
under aseptic conditions and ketamine/xylazine recovery anesthesia. Each tetrode was
spun from polyimide-insulated 13-pum nichrome wire (Kanthal, Hallstahammarm,
Sweden). Drives were attached to the skull using gentamicin-impregnated Palacos R-
40 cement and four stainless steel skull screws, one of which (over cerebellum)
served as a ground connection for recording. After surgery, mice were individually
housed with ad libitum access to food and water.

During the 7-20 d following surgery, the independently moveable tetrodes were
lowered into either the CA3 or CA1 pyramidal cell layer (identified by the
characteristic burst firing of single units and the presence of ripple or sharp-wave
ripple events in local field potential) while mice occupied a small (15 x 15 cm base)
holding box, set to one side of the linear track subsequently used for place cell
recordings (see below). Extracellular action potentials (sampled at 30 kHz and filtered



between 0.6 and 6 kHz) were recorded differentially via a unity gain HS-18
preamplifier and Digital Lynx (Neuralynx, MT) using local references. In a subset of
mice, tetrode tip positions were verified post mortem.

Recording setup. Recordings were made on an 80-cm-long, 5-cm-wide linear track
with open 9-cm-high walls and a turning zone (10 x 10 cm) at each end, located in the
middle of a room. All data were recorded during each mouse's first, novel exposure to
the track. The linear track was made from dark gray plastic. Half of the white room
walls were exposed and half covered by a black curtain; three-dimensional cardboard
cues were hung to create a distinct spatial context. Eight regularly spaced
incandescent bulbs were hung overhead to dimly illuminate the room. Video tracking
sampled the positions of green and red LEDs attached to the preamplifier at 60 Hz,
with a final resolution of approximately 1.5 cm.

Tetrode data analysis. All analyses were performed blind to genotype in MATLAB
(MathWorks, MA). Spikes were sorted semi-automatically on the basis of waveform
characteristics (amplitude and energy) using KlustaKwik 1.5 (K.D. Harris,
http://klustakwik .sourceforge.net/), and clusters were then refined manually with
MClust in MATLAB (A.D. Redish, http://redishlab.neuroscience.umn.edu/). Only
units with less than 1% of inter-spike intervals below 2 ms and cluster isolation
distances above 10 were selected for further analysis*’; cells with mean firing rates
between 0.1 and 5 Hz on the linear track were considered putative pyramidal cells.
Trial-by-trial positional firing correlations were calculated as described by Cheng and
Ji (2013)*, using 4-cm positional bins and excluding the turning zones at each end of
the track; only cells with firing rates of at least 0.1 Hz in both running directions were
included in this trial-by-trial analysis, with trials that took longer than 20 s excluded.
The extent of spatial firing was based on firing rate maps on the linear track®.

Radial arm maze.

This study employed precisely the same maze, housed in the same facility, as that
used by Niewoehner et al*® to demonstrate the dependence of task performance on
normal DG function®.

Wild-type (n = 11) and Tcl (n = 9) mice were trained on a spatial working memory
version of the radial maze task. Mice were first habituated to drinking a sweetened,
condensed milk reward in their home cages, then habituated to drinking milk on an
elevated Y-maze in their colony holding room (i.e., not the room used for spatial
memory testing). The Y-maze consisted of three identical wooden arms, each 50 cm
long by 9 cm wide, with a low white plastic wall (0.5 cm), connected by a central
polygonal platform (14 cm diameter). The maze was painted black. A food well was
positioned at the end of each arm.

The radial maze was made of wood and painted gray. It consisted of six arms (60 cm
x 7 cm) radiating out from a central platform. Each arm was surrounded by a 1-cm
raised edge and contained a food well located at the end. The central platform was
surrounded by a transparent plastic cylinder (18 cm diameter, 30 cm high). At the
entrance to each arm, a transparent plastic door (6 cm wide, 7 cm high) could be
controlled manually by the experimenter using a series of strings. The maze was



positioned 80 cm above the floor and was surrounded by prominent distal extramaze
cues.

To specifically assess hippocampus-dependent, spatial working memory, all six arms
were baited with 0.05 ml sweetened condensed milk. At the start of each trial, the
mouse was placed on the central platform and given a free choice of arms. After
visiting the food well in the chosen arm and consuming the milk reward, the mouse
would return to the central platform. Doors were used to contain the animals on the
central platform between choices and thus prevent the use of simple mediating
strategies. After 10 s, all doors were then reopened and the mouse allowed another
choice. This was repeated until the mouse had visited all of the baited arms. Each
entry into an arm that had previously been visited on that trial (and was now unbaited)
was scored as a spatial working memory error.

Mice received one trial per day for a total of 24 d. Each mouse was tested twice: first
at an age of 5-6 months and then again at 18 months of age. Data were collected in
six trial blocks for analysis.

Statistical analyses.

Data sets were tested for normality and parametric or non-parametric, two-sided tests
used as appropriate with an a of 0.05. Where appropriate, two-way analysis of
variance (ANOVA) was used to compare data sets across multiple factors. Post hoc
comparisons were made using a Bonferroni correction for multiple comparisons.
Sample sizes were not formally predetermined using power calculations, but are
consistent with previous studies combining in vitro, in vivo and behavioral measures®
and designed to enable detection of at least a 15% difference in the population mean
at a P <0.05 level given the sampled population variance. Imaging and
electrophysiological data were collected from Tcl and WT mice in randomized order
and quantified blind to genotype. Most data are presented as mean + s.e.m.; where
medians are presented for non-normally distributed data, the interquartile range is
given in square brackets (median [IQR]).
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Figure 1: Altered short-term but not long-term synaptic potentiation in the
mossy fiber pathway of Tc1 mice.
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(a) Pooled MF-CA3 stimulus-response curves in hippocampal slices from wild-
type (WT, n=10) and Tcl (n =11) mice (P = 0.45, two-way ANOVA). Smaller
circles show field excitatory postsynaptic potential (fEPSP) amplitudes in
response to 175 pA stimulation for individual mice to illustrate the spread of the
data. Inset traces illustrate overlaid example responses to 50, 150 and 300 pA
stimulation for the two genotypes. Scale bars: 10 ms, 0.5 mV. (b) Pooled data for
MF paired-pulse facilitation over inter-stimulus intervals from 10 to 1,000 ms (P
= 0.02, two-way ANOVA). Example traces illustrate responses to paired stimuli
delivered over inter-stimulus intervals of 10-100 ms, with a quarter log spacing.
Scale bars: 10 ms, 0.5 mV. (c¢) MF frequency facilitation during a 1-Hz train of 20
pulses (P = 0.004, two-way ANOVA). The y ordinate plots the amplitude of the
nth fEPSP of the train normalized to the amplitude of the first response. Example
traces show overlaid recordings of the first and twentieth traces from wild-type
and Tc1 mice. Scale bars: 10 ms, 0.5 mV. (d) Pooled MF LTP data from 4 wild-
type and 4 Tc1 mice (P = 0.81, unpaired t-test). Arrow denotes timing of tetanic
stimulation (1 s, 100 Hz repeated three times at 10-s intervals). fEPSP amplitude
was recorded for 30 min following tetanization to measure LTP. Suppression
following application of 2 uM DCG-IV confirmed that fEPSPs were predominantly
driven by MFs. Example traces show recordings from wild-type and Tc1 mice at
0 min, 30 min and 50 min. Scale bars: 10 ms, 0.5 mV. Symbols and error bars
show mean * s.e.m.



Figure 2: Reduced synapse density and PSD volume in the middle
molecular layer of dentate gyrus in Tc1 mice.
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(a) Overall synapse densities per 100 um3 (*P = 0.02, ANOVA), (b) distributions
of four categories of spine and (c¢) PSD volumes (*P = 0.01, ANOVA) in wild-type
(WT, n=4) and Tc1 mice (n = 4). Values for individual mice (open circles) are
overlaid on box-and-whisker plots; center lines show the median, box limits
illustrate the 25th and 75th percentiles and whiskers extend to the minimum
and maximum values. (d,e) Three-dimensional reconstructions of dendritic
segments and their mushroom spines with PSDs (red) in WT (d) and Tc1 (e)
mice, exemplifying reduced PSD volumes in Tc1 animals.



Figure 3: Three-dimensional reconstruction of CA3 pyramidal cell
dendrites reveals loss of thorny excrescences in Tc1 mice.

(a-h) Consecutive images of proximal portions of CA3 dendrites for wild-type
(a-d) and Tc1 (e-h) mice. Thorny excrescence profiles are labeled in green,
exemplifying a reduction of thorns in Tc1 mice. D, dendritic shafts; GB, mossy
fiber giant boutons, or varicosities representing presynaptic portions of the
synapses; MF, mossy fibers, or axons originating from granule cells. Arrows show
thorns and thorny excrescences. (i,j) Three-dimensionally reconstructed CA3
dendritic segments with thorny excrescences in wild-type (i) and Tc1 (j) mice.



Figure 4: Adult Tc1 mice show reduced postsynaptic thorny excrescences
in live CA3 pyramidal cells.

e
Primary Secondary

€ 304 r *~T [ *ke=N
S ]
L
B 25 o
c —
2 ]
© 2.0 4 o
= 1 o
2 - (@)
c 3
8 1.5 o 8 (o)
2 1.0 g 0
© 4
4 2 8
© 05 =
238 ©
n

WT Tet WT Tet

(a) An example of a wild-type (WT) CA3 pyramid held in whole-cell mode (50
uM Alexa Fluor 594; two-photon excitation wavelength 800 nm). (b) The
proximal dendritic segment of interest (marked in a by rectangle), with an
unsupervised threshold applied. Red and blue dashed rectangles show the
primary apical dendrite and second-order dendrites, respectively, used for
assessing the extent of thorny excrescences. (¢,d) Examples as in a,b, but from a
Tcl mouse. (e) Individual (open circles) and mean (bars) area per dendritic
length for thorny excrescences in primary dendrites (n = 13 and 16 cells for wild
type and Tc1, respectively; *P = 0.01, unpaired t-test) and secondary dendrites (n
=23 and 28; ***P = 2.7 x 10-4).



Figure 5: Reduced contribution of mossy fiber input to CA3 pyramidal cell

MEPSCs in Tc1 mice.
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(a) Left, example 2-s traces from a representative wild-type (WT) CA3 pyramidal
neuron illustrating mEPSCs recorded in control conditions and during
application of 2 uM DCG-1V; the fluorescence image (right) depicts the extent of
thorny excrescences on this cell's apical dendrites (imaging settings as in Fig.
4a,c). (b) Equivalent example for a Tc1 CA3 pyramidal cell, exemplifying the
reduced sensitivity of mEPSC frequency to DCG-IV application. (¢) Group data
showing average proportion (individual values in open circles, bars show mean *
s.e.m.) of DCG-IV-sensitive mEPSCs in WT (n = 10 cells from 8 mice; ***P = 1.0 x
10-* compared to 100%, paired t-test) and Tc1 (n = 14 cells from 9 mice; ***P =
4.1 x 10-4) CA3 pyramidal cells (*P = 0.04, non-equal-variance t-test). Square
bracket highlights subgroup of DCG-IV-insensitive cells in Tc1 mice. (d) The
proportion of DCG-IV-sensitive mEPSCs correlated positively with the area of
thorny excrescences on a cell-by-cell basis (linear regression P = 0.035,
Pearson's r2 shown). (e) Example of electroporation labeling of MFs in CA3: a
voltage pulse applied through a patch pipette electroporates several live MFs,
loading them with Alexa Fluor 594; inset shows the fragment in dotted rectangle
enlarged. Stars, white and yellow arrows depict two-dimensional projection
views of typical MF giant, en passant and filopodial boutons, respectively
(identified in three-dimensional stacks and counted in a blinded manner). (f)
Average numbers of identifiable filopodial MF boutons (per one MF giant
bouton) and en passant boutons (per 25 pm of MF length) in the two genotypes
(mean * s.e.m.; left to right, n =17, 17, 16, 16 quasi-randomly sampled axonal
fragments; WT-Tc1 group comparisons between filopodial and en passant
samples give P = 0.583 and P = 0.752, respectively, rank sum test).



Figure 6: Impaired spatial information coding by CA3 and CA1 place cells in
Tc1 mice.
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(a,b) Photomicrographs of Nissl-stained coronal brain sections illustrating
tetrode tracts terminating in the CA3 and CA1 pyramidal cell layers (arrows) in
wild-type (WT; a) and Tc1 (b) mice. Scale bars, 1 mm. (c,d) Scatter plots
illustrating the waveform energies (Euclidean norm) of extracellular action
potentials recorded on two channels of representative WT (c) and Tc1 (d) CA3
and CA1 tetrodes. Colors highlight clusters of action potentials discharged by
individual neurons. Mean action potential waveforms on each tetrode channel
(Chl) are illustrated for the circled clusters above their respective scatter plot.
Scale bars: WT 1 ms, 200 puV (CA3), 50 uV (CA1); Tcl 1 ms, 100 pV (CA3), 250 uv
(CA1). (e) Trial-by-trial spatial firing for two representative WT CA3 (top) and
CA1 (bottom) pyramidal cells; a single running direction is plotted for each cell,
illustrated by arrows above raster plots. Track positions are plotted on the x axis,
with each tick representing the firing position of an action potential. Trial-
averaged positional firing rate histograms are plotted below. (f) Trial-by-trial
raster plots and mean positional firing rates for two representative Tc1 CA3 and
CA1 pyramidal cells, showing more spatially diffuse firing and reduced inter-trial
firing stability. (g-i) Cumulative frequency plots illustrating the distributions of
(g) place field sizes (CA3: P =0.039, unpaired t-test; CA1: P = 3.5 x 10-4, rank
sum test), (h) trial-by-trial rate stabilities (CA3: P = 0.048; CA1: P = 0.042, rank
sum test) and (i) directionality indices (CA3: P = 0.757; CA1: P = 0.001, unpaired
t-test) for WT and Tc1 CA3 and CA1 pyramidal neurons. Inset box plots show the
median, first and third quartiles, and 99% confidence limits; inset line plots (for
normally distributed data) show the mean and s.d.; n.s., P > 0.05; *P < 0.05; ***P
< 0.005.



Figure 7: Tc1 mice show impaired spatial working memory on the radial
arm maze.
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Mean * s.e.m. errors per trial for wild-type (WT; n = 11) and Tc1 (n = 9) mice on
the spatial working memory, win-shift radial maze task. Blocks consist of 6 trials

(1 trial per day); *P = 0.004, two-way ANOVA with post hoc test for simple main
effects.



Supplementary Figure 1: Normal granule cell excitability in Tcl mice.
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Pooled stimulus-response curves showing the mean + SEM amplitude of
antidromically-evoked compound action potential recorded in the granule cell (GC)
layer of dentate gyrus (DG) vs. the strength of stimulation applied to mossy fibers in
area CA3. Data are pooled from slices prepared from 7 wild-type (WT) and 6 Tcl
mice. Inset traces show example responses at 50, 150 and 300x A stimulation. Scale
bar: 1ms, SmV. P=0.70, F(1,11)=0.15, two-way mixed ANOVA.



Supplementary Figure 2: Normal synaptic function in the Schaffer collateral
pathway in Tcl mice.
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(a) Pooled CA3-CA1 stimulus-response curves for recordings made in hippocampal
slices from wild-type (WT) and Tcl mice (mean + SEM). Inset traces show overlaid
example responses to 20, 40 and 80V stimulation for the two genotypes. (b) Pooled
CA3-CA1 paired-pulse facilitation curves for paired stimuli delivered over inter-
stimulus intervals from 25-400ms. Traces show example responses at each inter-
stimulus interval. (¢) Pooled data from CA3-CA1 LTP experiments in wild-type and
Tcl mice. Arrow denotes delivery of the conditioning stimulus (200ms, 100Hz
repeated 3x at 1.5s intervals). Traces show example responses at times a and b. Scale
bars: 5ms, 0.25mV.



Supplementary Figure 3: Normal hippocampal volumes and dentate granule cell
and CA3 pyramidal cell densities in Tcl mice.
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(a) Hippocampus:brain volume ratios in wild-type (WT) and Tcl mice. For each box-
plot, the center line illustrates the median and box limits indicate the 25th and 75th
percentiles (determined using R software). Whiskers extend to the minimum and
maximum values. Individual data points are plotted as open circles. n=4, 5, 4, 4 mice
per sample respectively. (b) Dentate gyrus (DG) granule cell densities (per mm3) in
wild-type (n=3) and Tc1 (n=3) mice. (c) Area CA3 pyramidal cell densities (per
mm3) in wild-type (n=3) and Tcl (n=3) mice.



Supplementary Figure 4: Three-dimensional reconstructions of CA3 dendritic
segments, thorny excrescences and postsynaptic densities in wild-type and Tcl
mice.
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Dendritic segments and associated presynaptic giant boutons from (a) wild-type and
(f) Tc1 mice. Boutons are shown separately in (b) for the wild-type example. Typical
examples of thorny excrescences with their postsynaptic densities (PSD) shown in red
from (c-d) wild-type and (g) Tc1 mice. 10 representative PSDs from (e) wild-type and
(h) Tcl mice, showing reduced PSD volume in Tc1 animals.



Supplementary Figure 5: Schematic comparison of thorny excrescences in wild-
type and Tcl mice.
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(a) Wild-type mice. (b) Tcl mice. Prominent features in the Tc1 mice are: (1)
retraction of thorns on thorny excrescences (yellow); (2) decrease in the volume of
mossy fibre giant boutons (blue); (3) rearrangements of postsynaptic densities (PSD;
red); (4) retraction of mitochondria from thorny excrescences (green). Note that
dendritic spines in CA1 and dentate gyrus do not contain mitochondria.



