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Abstract

Just as ppocampal lesionare principally responsible fofZ § u %} & o0 0} , [esionsaff¢cting
the anterior thalamic nucleseemprincipally responsible foa similar loss ofnemory, Z 1 v % F 0]
amnesia.Compared tothe former, the causes ofdiencephalic amnesidave remaned elusive A
potential clue comes from howhe two sites are interconnectedas within the hippocampal
formation, only the subiculumhasdirect, reciprocal connectionwith the anterior thalamic nuclei
We foundthat both permanent and reversiblanterior thalamic nuclefesionsin malerats cause a
cessation ofsubicular spatial signalling, reduce spatial memory performance to chautcdeave
hippocampalCALl place cells largely unaffected. We suggest a core element ofdiencephalic
amnesiastems from the information loss irhippocampal output regions followingnterior thalamic

pathology (125 words)

Significance Statement

At present, we know little about interactions between temporal lobe and diencephalic memory
systems. Herewe focussed on the subiculum, as thale hippocampal formatiorregion directly
interconnected with the anterior thalamic nuclei. We corebireversible and permanent lesions of
the anterior thalamic nuclei, electrophysiological recordings of the subicudund behavioural
analyses. Our results were striking and cliedliowing permanent thalamic lesigribe diverse spatial
signals normally found in the subiculum (including place cells, grid cells, andifeetidn cells) all
disappearedAnterior thabmic lesions had no discernible impact on hippocampal CA1 place fields.
Thus, patial firing activity within the subiculum requires anterior thalaffuioction, as does
successfuspatial memoryperformance.Our findings provide a key missing part of thecmbigger
puzzle concerning wignterior thalamialamageis so catastrophic for spatial memory in rodents and

episodic memory in humand.40 words)
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Bilateralhippocampal formatioresionsare the principatauseof the severe and enduringg S u%. } & o

lobe amnesid syndrome (Spiers et al., 2001; Aggleton and Morris, 201Bjateral medial

diencephdic lesionscan also cause a severe and enduring memagndrome ~Z ] v %0 Z 0]
uv <], [whichcanclosely resembléaemporal lobeamnesia(Kopelman, 1995Aggleton 2008§.

SSpu ]} <}E- I}(([* *@ualgisdnf thalamic strokeshowthe anterior thalamic nuclei

(ATN the anteromedial, ardroventral, and anterodorsal nuc)eiappear most critical for

diencephalicamnesia(Harding, 2000Van der Werfet al., 2003; Carlesimo et al.2011; Segobin et

al., 2019. Mammillary body damagenay also contribute to diencephalic amnesi@usoir et al.,

1990; Tsivilis et al.2008, with mnemonic actions via the anterior thalamic nuclei (Aggleso

Brown, 1999Vann, 201D

Theoriesof temporal lobe amnesia assume th@ppocampal formationis vital for §Z E Jv][-
cognitive mapping capabilitig€olgin, 202Q)andis the coreof an extended system vital for human
episodic memory~"%] E+ § o0oXU TiiiV K[D &.ThisnetRd?londdealdliggestimat

the anterior thalamicnucleiare keystructures within both diencephalic andemporal lobememory
systemgAggleton and Brown, 1999; Ranganath and Ritchey, 2012)dents, for instance, anterior
thalamiclesions severely impair spatial learning, mirroring hippocampal dar(idgeis et al., 1982;
Warburton and Aggleton, 1999; Moran and Dalrympléord, 2003) moreover, disconnection
studies suggestthat the hippocampal formationand anterior thalamic nucleare functionally

interdependent(Shibata, 1993; Sutherland and Rodriguez, 1989son et al., 2020

Thehippocampal formation and anterior thalamic nuckeive direct, reciprocal connectionga the
subiculum(Shibata, 1993)prompting whether anterior thalamic pathology disrupthippocampal
formation functioning thereby impairingearning and memoryThe subiculumalsoreceives indirect
ATN inputs via the entorhinal cortices, presubiculum, and retrosplenial cofbg. strategic
importance of thesubiculumis further evident asit distributes many hippocampalprojections

beyond the temporal lobéMeibach and Siegel, 1977; Jay and Witter, 199fgleton 2012.
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Although adjacent, subiculum andhippocampal areaCA1 havdliffering properties. For example,
CAlcontains numerous place cellehile the subiculum containa lower frequency but greater
variety, of spatial cells (place, gritheaddirection,and boundary vector cellsjThompson and Best,
1989; BrotonsdMas et al., 2010, 2017; Meshulam et al., 2017; Broussard et al., . Zo2®ermore,
the anterior thalamic nuclefespecialljthe anterodorsal nucleysare a vital surce of heaelirection
information (Taube, 1995; Tsanov et al., 20lahterodorsal thalamic nucleus lesisreliminate
parahippocampal headirection signalsand disrupt parahippocampal grid cell activifVinter et
al., 2015; Peyrache et al., 2019\everthelessheaddirection networkdisruption doesnot explain
the amnesia associated with anterior thalamic lesidrecaug lesions of the headlirection system
cause only mild, often transiengualitatively-different, spatial deficitscomparedto the severe,
permanent deficits seen after lesions anterior thalamicnuclei(Aggleton et al., 1996; Byatt et al.,

1996;Dillingham and Vann, 2019)

Given thecloseanatomical relationship between thgubiculumandthe anterior thalamiauclei, we
examinedhow permanent and reversible ant®r thalamic nuclei lesionsnight affect subicuér
spatial codingand spatial alternationrmemory. Moreover, hippocampal area CAprojectionsto the
subiculumshow longterm potentiation (K[D & § 0 XWe, therefore, made additional
recording comparisons with hippocampal area CA1 which, like the subiculum, projects to cortical

sites beyond the temporal lobe, but does not receive direct afferents from the anterior thalamic

nuclei.

We found that permanent and transientat anterior thalamiclesions(spaing nucleus reuniens)
abrogatespatial signalling by the subiculufaradoxically, place coding by CA1 cells remained intact
after anterior thalamic lesions, despite spatial alternation dropping to chédewels The obseved
silencingseeminglyappliesto all subicularspatial celltypes (place, grid,border, headdirection).

Further, becausethe subiculum is a key source of hippocampal projections beyond the temporal
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lobe (Meibach and Siegel, 1977; Irle andfdowitsch, 1982; Jay and Witter, 199fh)e impact of

anterior thalamic damagas a key component of diencealic amnesias amplified (643 words)

Materials and Methods

Key Resources Table

REAGENT or RESOURCE | SOURCE | IDENTIFIER

Antibodies

Mousemonoclonal antiCalbindin Swant Inc., Cat. #300
Switzerland

Mouse monoclonal ariNeuN (clone A60) EMD Millipore, Cat. #MAB277 Lot
Germany #2829834

Mouse monoclonal andParvalbumin Swant Inc., Cat. #PV235
Switzerland

Rabbit polyclonal antFluorescentGold EMD Millipore, Cat. #AB153 Lot
Germany #2905401

Biotinylated horse artiabbit IgG (H+L) Vector Laboratories, | Cat. #BAL100
UK

Biotinylated horse artimouse IgG (H+L) Vector Laboratories, | Cat. #BR2000

UK

Critical Commercial Assays

DABW E}AE] + ~,ZWe Ap +8E § <]3

diaminobenzidine

Vector Laboratories,

UK

Cat. #SK4100

Vectastain Elite ABC HRP Kit (Peroxidase, Standard

Vector Laboratories,

UK

Cat. #PK6100

Deposited Data




Raw and analyzed data This paper https://osf.io/vdakx/

Experimental Models: Organisms/Strains

Rat: Lister Hooded (male) HsdOla:LH Envigo, UK

Software and Algorithms

FIJIji Is Just ImageJd) Schneider et al., 2012 https://imagej.net/F
iji

TINT Axona Ltd, UK http://axona.com/

R Statistics R Core Team, 2017 | https://lwww.r -

project.org/

NeuroChaT Islam etal., 2019 https://github.com/
shanemomara/omar
aneurolab

Other

25pum platinumiridium wire California Fine Wire, | Cat. #100167

USA

77
78 Lead Contact and Materials Availability

79  Requests for furthemformation and resources should be directed to and will be fulfilled by the Lead

80 lvs SU ~Z v Emémaa@tcd.ip This study did not generate new unique reagents.

81 Subject Details

82  Experiments were conducted oR3 male Lister Hooded rats (Envigo, UK) with-gnacedural

83  weights of 30956 g. Upon arrival, animals were cohoused on ahb®r day/night cycle and
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84  handled daily by the experimenter for a week before surgical procedure. Prior to surgery and during

85  recowry, animals had free access to food and water; during behavioural testing, food was restricted,
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naive prior to the present study. Selection of animals betwéesion and control groups was
alternated according to body weight prior to surgery (starting with the heaviest), so that pre

procedural weights werenatched,and the groups balanced.

Experimental Design

During stereotaxic surgery, rats were implantedilaterally with twentyeight electrodes of 2fum
thickness platinumridium wires (California Fine Wire, USA) arranged in a tetrode formation.
Tetrodes were targeted at the dorsal subiculum, CA1, or at the subiculum and CA1 simultaneously.
An additional bipolar electrode (stainless steel, 7Qm thickness) targeting the ipsilateral
retrosplenial cortex (RSP) was also implanted in all but two cases (see below), but the data from
these electrodes are considered elsewhere. All electrodes were connected 3@-channel

microdrive (Axona Ltd., UK).

For the permanent lesion experiments, seven animals received stereotaxic cytotoxic lesions

§ EP §]vP §Z v8 E]J}E 3Z o u] vp o] ~Z dEA[-U (}oo}A C o SCE.
subiculum and RSP. Meahile, three rats underwent sham injections of equivalent volumes of PBS

}voC ~Z~Z u[ }vSE}oe*X (MESZ E (}PE & S ~ZE}Eu o[ }vSEl}oes Z
had electrodes implanted. Both the sham and normal controls had electrodgetiiag dorsal

subiculum.

The temporary inactivation (muscimol) experiment followed the permanent lesion study. For this, a
further six animals (ATNmusc) were implanted with tetrode and bipolar electrode configurations
alongside bilateral infusion cannuld¢26 gauge, 4nm length, Bilaney Consultants Ltd., UK) in the
ATN. Electrodes were positioned as above, with two exceptions; one animal was implanted with four
tetrodes targeting the subiculum, three targeting CA1 and one targeting retrosplenial cortexpavit
additional bipolar electrode; and one rat was implanted with tetrodes targeting the subiculum and

the bipolar electrode targeting CAL.
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Finally, for the CA1l experiment, a further three rats (ATNx_CA1) received permanent bilateral

cytotoxicATNlesionsfollowed by electrode implantation into CAL.

Ethics

All experimental procedures were in accordance with the ethical, welfare, legal and other
requirements of the Healthy Products Regulatory Authority regulations, and were compliant with
the Health Product®egulatory Authority (Irish Medicines Board Acts, 1995 and 2006) and European
Union directives on Animal Experimentation (86/609/EEC and Part 8 of the EU Regulations 2012, S
543). All experimental procedures were approved by the Comparative MedicinefBiarces Ethics
Committee, Trinity College Dublin, Ireland prior to conduct, and were carried out in accordance with

LAST Ireland and international guidelines of good practice.

Surgical methods permanent ATN lesions and electrode placements

Rats were fist anesthetised with isofluranés% to induce anaesthesia;2% to maintain) combined
with oxygen (2 L/minute). After being placed in a stereotaxic frame, chloramphenicol 0.5% eye gel,
pre-operative antibiotics (Enrocare, Ortl in 0.5ml saline) and anaégsia (Metacam, 0.Inl) were

administered.

The skull wasxposed,and connective tissue removed. For the ATNx cohort (n = 7), bilateral
neurotoxic lesions targeting the ATN were performed using slow infusions of\0.MiznethylD-

aspartic acid (NMDAJissolved in phosphate buffer solution (PBS, pH 7.35). NMDA was infused over
5 minutes (0.22 or 0.24l per site) via a 0.5l Hamilton syringe (25 gauge), with the syringe left in
position a further 5 minutes at each of four target sites before slow otima. The craniotomies

were then sealed using bone wax (SMI, St Vith, Belgium). The ATN lesion coordinates, with the skull
flat, were as follows from bregma: AP.7 mm, ML £0.8nm, DV-5.7 mm from top of cortex; APL.7

mm, ML £1.6nm, DV-4.9mm from tgp of cortex. Sham control animals%13 rats) underwent four

equivalent infusions of PBS only.
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Bundles of 28 electrodes of 25m thickness platinuriridium wires (California Fine Wire, USA)
arranged in a tetrode formation were implanted unilaterallytrddes were implanted aimed at the
dorsal subiculum (AF5.6 mm, ML 2.5mm, DV-2.7 mm from top of cortex), CA1 (AB.8 mm, ML

2.5 mm, D\:1.40 mm from top of cortex), or both. Electrodes were stabilised with dental cement
(Simplex Rapid, Kemdent, UK)aathed to the screws implanted into the skull. An additional bipolar
electrode (stainless steel, 40m thickness) targeting the ipsilateral retrosplenial cortex (RSP) was
also implanted in all but two cases, the data from which are considered elsewherdedhodes

were connected to a 32hannel microdrive (Axona Ltd., UK).

For the ATN inactivation experiment, a further six animals (ATNmusc) were implanted with tetrode
and bipolar electrode configurations alongside bilateral infusion cannulae (26 gauge, length,
Bilaney Consultants Ltd., UK). Cannulae were placed targeting AFLN.{ARmM, ML+3.8 mm, DV

4.0 mm from top of cortex, at angle 28.8owards centre), then fixed in position using dental
cement and dummy cannulae inserted to prevent bloekaBlectrodes were positioned as above,
targeting dorsal subiculum and RSC, with two exceptions; one animal was implanted with four
tetrodes targeting the subiculum, three targeting CA1 and one targeting retrosplenial cortex, with no
additional bipolar eletrode; and one rat was implanted with tetrodes targeting the subiculum and

the bipolar electrode targeting CAL.

Glucosaline (B0 ml) was administered subcutaneously pagteratively and the animal allowed to
recover. Animal weight, activity, and hydratiavere closely monitored daily for a minimum of 7

days before beginning electrophysiological recordings.

Electrophysiological recordings

Electrophysiological recordings were obtained using an Axona Ltd (tiia6ael system, allowing
dual recordings of sgle units and local field potentials (LFP) from each electrode. Initial habituation
recordings were conducted in a 60 x 60 cm square, walled arena (height 42 cm). Later testing

involved a larger arena (105 x 105 cm, 25 cm height). For both arenas, tiseand floors were

8
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made of wood painted matt black. A black curtain could be closed around the arena to remove distal
spatial cues, and visual cues could be attached to the curtain as required. The habituation sessions in
the small arena allowed the anirhtp acclimatise to the recording procedure and the experimenter

to adjust electrode locations until the optimal recording depth was reached. After the habituation
period (usually & days), ratsvere first trained on the behavioral tasksiffaze then bowtie maze)

with up to one hour of free exploration with pellehasing tasks typically recorded afterwards in the
same day. Pellethasing included the rotation of spatial cues on the curtain during the recording of
single unit activity in the small arena texamine whether spatial units remap accordingly,
exploration in the small then large arena in order to assess spatial cell remapping, and consecutive

recordings to examine sleep properties (data not described here).

Behavioraltasks

Spatial alternation

A fourarm crossshaped wooden maze with raised sides (119 x 119 cm full length; each arm 48 x 23
cm; height 30 cm) was used for the spatial alternation task, allowing the rotation of start points.
Each arm could be blocked close to the centre to formraafe. In addition, a barrier could be
placed within an arm to form a holding area for the start position. Distal spatial cues were available
in the recording room including the pulldshck curtain, electrophysiological recording equipment
set on walmounted shelves, a desk and computer. Animals were first habituated in pairs to the
maze and allowed to freely explore for 10 minutes. Rats then individually had twirgimeng
sessions (5 minutes each) in which they were first placed behind a barrier stattigoosition at one

end of the maze, retained for 10 seconds, then the door removed and the rat allowed to explore the
maze. The maze arm opposite to the start was blocked and sucrose pellets (TestDiet 5TUL 20mg,
USA) were placed in a shallow dish a #nd of each open arm so that they were not visible from
the centre of the maze. Rats learnt to run to an arm of the maze to obtain sucrose pellets, which

were replaced once they had been consumed and the animal left that arm. The maze was then



185 altered sothat a different startarm and blocked arm were used, and another training session run.
186 Each rat had four-minute training sessions per day such that each start/blocked configuration was

187 experienced (opposite, adjacent, opposite) for two days initiall{h an additional day if required.

188 For the experiment, rats were placed in the start position for 10 seconds. In each trial, there was an
189 ]Jv]s]l o (JE EUV ~Z* U%0 [+U ]v ABhagedmaze @eve blpckSd forcifigthe

190 animal into eiher the left or right arm in order to obtain two sucrose pellets from the end of the
191 arm. The animal was then picked up and returned to the start position and held for approximately
192 71 ¢ }v e (}&E JvP E o - (J& sz Z}] E o/ the béarre] vids |v AZ] Z
193 removed from the maze so that the animal had the choice of either the left or right arm (Fig. 2A).
194  Sucrose pellets were only available in the arm opposite to the sample run, so the rat was rewarded if
195 it alternated. A choice was deteimed when the back paws of a rat had entered the arm. The rat
196 was then removed from the maze and placed in an open holding cage3amiautes whilst the

197 maze was rearranged. Each animal had eight sessions consisting of eight trials each, with both the
198 start position and forced turn pseudorandomised so that the same arrangement did not occur more
199 than twice consecutively. Rats were connected to the electrophysiological recording equipment

200 throughout pretraining and each test session.
201 Bowtie maze

202 The bowtie maze allows continuous object recognition testing, with multiple trials and new novel
203  objects during each sessigAlbasser et al., 2010The bowtie shaped maze had raised sides (wood
204  painted matt blak; 120 cm long x 50 cm wide, 50 cm height) and a central sliding. Partitions at each
205 end of the maze split both ends into two short corridors (Fig. 2C). The animals were first habituated
206 to the maze for 10 minutes, by allowing free exploration with suerpsllets scattered throughout.

207  Next, during the 10 minute session, pellets were first placed in wells at the two ends of the maze and
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208 the rat trained to run from one end of the maze to the other when the central door was opened.

209 Then, opaque plastic oljes (a funnel and a beaker) were placed behind each baited well. The

10
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objects were gradually moved so that they increasingly covering the wells. Rats underyeah4
minute pretraining sessions, until they readily shuttled across the maze to retrieveseipellets

by pushing objects.

For the experimental procedure, 22 pairs of novel objects were used. In the first trial, one novel
object was placed covering the sucrose pellets. The rat retrieved the pellets and investigated the
object at that end of he maze. After 1 minute, the central door was opened and the rat passed to
the opposite end of the maze, where there would be a repeat of the original object (now familiar)
and a new novel object (both covering sucrose pellets). This procedure was refeatdd22 pairs

of objects, so that each of the 21 trials consisted of a new novel object and the previous object,

which was now familiagAlbasser et al., 2010)nimals were video recorded throughout.

Fa analysis, the time spent investigating each object was recorded and two measures of
recognition, D1 and D2, were calculatélllbasser et al., 2010D1 represents the difference in
exploration time betweemovel and familiar objects, and is calculated by subtracting the time spent
exploring a familiar object from the time spent exploring a novel object. Cumulative D1 represents
the sum of the exploration time for all novel objects minus the sum of exptoratime for all
familiar objects across all trials. D2 represents the total difference in exploration time (cumulative
D1) divided by the total exploration time for both novel and familiar objects, resulting in a ratio that

ranges between +/1.

Transientinactivation of the ATN (muscimol)

An additional cohort (= 6, ATNmusc) was implanted with bilateral infusion guide cannulae (26
gauge, 4mm length; Bilaney Consultants Ltd., UK) aimed at the ATN at an angle of 28.6° towards the
midline (AP-1.7 mm, ML 8.6 mm, DV-4.0 mm from top of cortex) alongside subiculum electrode
implantation. A dummy cannula (0.268m diameter, 4mm length; Bilaney Consultants Ltd., UK)

was usedto protect each guide cannula during recovery and normal recording activity. At oth

11
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surgical and electrophysiological methods were the same as those used for the animals with

permanent ATN lesions.

Following recovery, rats were trained daily for a minimum of one week prior to commencing
inactivation experiments. Rats were lightly resired and the dummy cannulae removed and
replaced several times. During this period, rats were also trained in the spatial alternatioazl)

task and electrophysiological activity was recorded during free exploration and-pk#ising in the

large andsmall square arenas. All apparatus matched that used for the ATNX rats.

On the day of experimentation, electrophysiological recordings of exploration and -phlsing

were first performed preinfusion for 2640 minutes to establish a baseline. The animvak then

lightly restrained and muscimol (concentration Orly / 1 ml saline) infused through a 3$auge
infusion needle with a -Llor 2 mm projection past the length of the implanted guide cannula,
targeting the ATN. Muscimol was infused over 90 secorgisgua 0.5ul Hamilton syringe and
infusion pump (KD Scientific, Hollister, USA). The infusion needle was retained in position for a
further 60 seconds before it was removed and replaced with the dummy cannula. Rats received a 0.2
pl at each of two locatins per hemisphere using both a&hd 6mm length infusion needl® target

the whole ATN (Fig. 1H). Following infusion, electrophysiological recordings duringchabetg

and exploration were conducted in consecutive 20 minute sessions in the sndalge square
arena. Arenas were swapped between recordings u JvS Jv §Z vlu o[s ]JvS E <S8
surroundings and to assess whether spatial remapping occurred. Between 90 and 120 minutes into
the experiment, the Imaze task was performed (8 trials, epglo-randomised starting points).
Animals were then returned to the square arena and recorded for a furth@rhdurs, including
during sleep. Regular diet and water were freely available in the recording arena after the T maze
test. The following day, ftiner electrophysiological recordings were undertaken to determine

whether the effects of muscimol had ceased and cell activity had returned to baseline.
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Muscimol infusions were repeated2lweeks after the initial experiment. In two cases, an additional
control infusion of saline was giveio visualise the location of the muscimol infusion, the tracer

fluorogold (Sigmahldrich Ireland Ltd, Ireland) was infused one day pquerfusion.

Perfusion and histology

After completion of experiments, animals wesacrificed and perfused transcardially with QviL
phosphate buffered saline (PBS) then 2.5% paraformaldehyde (PFA) M BRBS. Brains were
removed and posfixed in PFA for 24 hours then transferred to 30% sucrose iMOPBS solution

for 2 days. Acryostat (Leica CM1850) was used to cup#dsections in a 1:4 series. One series was
mounted onto double gelatisubbed microscope slides and, once completely dry, washed in
decreasing concentration of alcohol (100, 90, 70%) before being stained wihl etielet, a Nissl
stain (SigmaAldrich Ireland Ltd, Ireland). Sections were then dehydrated with increasing alcohol

concentrations, washed in xylene, and cosépped.

Of the other series, one was reacted against -@atbindin antibody raised in moug&want Inc.,
Marly, Switzerland) and another against aNguN antibody raised in mouse (EMD Millipore,
Germany). The remaining series was reacted with eithergaryalbumin antibody raised in mouse
(Swant Inc., Marly, Switzerland) or, in the temporargciivation cohort, with antfluorogold raised

in rabbit (EMD Millipore, Germany).

In brief, sections were washed in a quench solution (10% methanol and 0.3% hydrogen peroxide in
distilled water) before PBS (OM pH 7.35) then PBST @ Triton X1000 in1 litre 0.1M PBS; pH

7.35) washes. Sections were stirred for one hour in 4% normal horse serum in PBST before the
primary antibody was added (1:5000 dilution in PBST for calbindin, parvalbumin and fluorogold;
1:10000 for NeuN) and stirred af #vernight Sections were then washed in PBST before being
incubated for two hours in 1:250 dilution of horaati-mouse (Vector Laboratories, UK), or, in the
case for fluorogold, horsanti-rabbit (Vector, UK), in PBST. After further PBST washes sections were

incubated at room temperature in Vectastain Elite ABC Solution (Vector Labs, UK) before further

13
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PBST and PBS washes. Sections were then reacted with DAB solution (Vector Labs, UK) and washed

in PBS.

All sections were mounted on doubseibbed slides, and fluorotf reacted slides were lightly
stained with cresyl violet for improved tissue visualisation before cslipping. Sections were

imaged using either an Olympus BX51 upright microscope or Leica Aperio AT2 slidescanner.

Statistical Analyses

Behavioralanalysis

To analyse -fhaze results, the mean score was compared between Normal Control, Sham Control
and ATNx groups using ANOVA witlkeypost hoctest. For the muscimol experiments;niaze

results during ATN inactivation were compared to the same animatsdeéiactivation.

To analyse object recognition using the bte maze, the time spent investigating each object was

recorded and two measures of recognition, D1 and D2, were calculatbdsser et al., 2010)
Unit identification and isolation

Spike sorting was performed automatically in Tint usiflgdans (Axona Ltd., Herts, UK) and cluster
cutting refined manually. Unit identification used the followiniteria: units had to be active, and
show consistent waveform characteristics (amplitude, height, and duration) during recording, as well
as a clean refractory period (>2 ms) in the irdpike interval (ISI) histogram. Spike amplitude was
measured as thdifference between the positive peak arttle first negative peak before the
positive peak, if present, or zero. Spike height was the difference between the spike peak to the
minimum value of the spike waveform. Spike width was the distance in microsebegdad which

the waveform dres below 25% of its peak valudistograms were used to assess spike width and
determine whether qualitatively different neuron populations were being recordetiowing

anterior thalamic lesions

14



306 Units were sometimes seemingtecorded for more than 1 day, despite electrode lowering. For
307 these cases, cells were monitored on the relevant tetrodes fromtdaday; for analysis, only clean

308 recordings with the largest sample size and spikes of the highest amplitude were chosenid o

309 doublecounting cells, care was taken to exclude seemingligted samples from analysis. During
310 spike sorting, the signals from each cell were carefully followed from first appearance to complete
311 loss, to avoid overestimation of cell counts. Oncellwefined neuronal signals were isolated
312 recording commenced. For permanent lesion experiments, rats had to explore at least 90% of the

313 arenain a session to be included in analyses to allow reliable calculation of spatial characteristics.

314 Standard stastical testing was performed using an opsource custorwritten suite in Python
315 (NeuroChaT  (Islam et al., 2019) available for download at
316 https://github.com/shanemomara/omaraneurolgband additional custom codes in R (R Foundation
317 for Statistical computing, Vienna, Austridgtps://www.r-project.org. Units were classified based on

318 the spatiotemporal features of their activity in tle@enaduring pelletchasing, as described below.

319 Bayesian analysis

320 To investigate whether the apparent absence of spatial signal in ATNx animals was significant, a
321 Bayesian approach was applied as follows. Let PC denote the probability that a control recotding wil
322 contain a spatial cell, and PL denote the probability that a lesion recording will contain a spatial cell.
323 Let D denote the recorded data. By Bayes theorem, P(PC, PL | D) = P(D | PC, PL) * P(PC, PL) / P(D)
324  (i.e. posterior = likelihood * prior / probali¥i of the evidence). We use a uniform prior distribution,

325 as we have no prior belief of how common recordings in the subiculum with spatial cells are, so
326 P(PC, PL) = 1. The probability of the evidence is a constant normalising parameter, which can be
327 calcdated by ensuring the posterior distribution sums to 1. By the independence assumption of

328 selected recordings, the likelihood function can be modelled as the product of evaluating the
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329 probability mass functions arising from two binomial distributions:
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Where the data D, provides the information; CR: the number of control recordings, CS: the number
of control recordings with a spatial cell, LR: the number of lesion recadarg LS: the number of
control recordings with a spatial cell. As an example, ugiagdata from the contingency table for

the recordings with spatial cells (Table 1):

W U v .
2:& 292 .. L ISVEZ%Q:SFZ%QT-’”I rypz.“:sFZ.;a'?4

Burst properties

BurstivP pv]se A & ] v3](] pe]JvP E]S &E] e ~lv E-Ww}v K[K[E E
2003) A burst was defined as a series of spikes in which each-dgpikee interval (ISljvas a
minimumof 6 ms, and contained a minimum of two spikesth a minimum interburst interval (1BI)

of 50ms. Further bursting analyses examined the total number of bursts during a recording session;

the number of spikes in the bursting cluster; mean irdpike interval during the burst cluster;

number of spikeper burst; burst duration; duty cycle (the portion of an intmirst interval during

which a burst fires); the inteburst interval; and propensity to burst, calculated by dividing the

number of bursting spikes by the total number of spikes in a recording
Spatial analyses

Additional analyses examined spatial modulation of recorded units. Multiple indices were used to
analyse the spatial properties of unit activity (namely spatial coherence, spatial information content,
and spatial sparsity). A firing fielvas defined as a set of at least nine contiguous pixels with firing
rate above zero. A place field was identified if nine neighbouring pixels (sharing a side) were above
20% of the peak firing rate. Place field size was represented by number of ppetisl Specificity
(spatial information content) was expressed in bits per siRkaggs et al., 1996Mean spiking

frequencyis the total number of spikes divideby the total recording time and is expressied

16
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spikes/s Exploration was assessed by comparing the occupancy of bins and the number of visits per
bin during recording sessions. Additionally, to be regarded as place cells, the following criteria had to
be met: all included as place cells had to have a spatial information coffsaiggs et al., 1996)
index of > 0.5; a spatial coherence of > 0.25; and a mean fabeg> 0.25. The spatial path of the

subject and the spike train were used to produce a locational firing rate map.

d} v oCe Z ]E S]}v ~, » oo*U SZ v]u o[ Z JE 3]}v A -
position of two tracked LEDs on a baftached to the microdrive, in the horizontal plane. The
directional tuning function was determined by plotting the firing rate as a function of the HD divided
into 5° bins, and the firing rate calculated by the total number of spikes divided by time $pent

each bin.

To determine the existence of a hexagonal grid firing structure, grid index, size and orientation were
calculated. The grid cell analysis included calculating the spatial autocorrelation of the firing rate
map and assessing the shape formedtbe peaks in autocorrelation. For border cell analyses, cells
with a firing profile that was parallel to the border of the arena were selected by plotting the

positional firing pattern
Down-sampling analysis

We performed a spatial dowsampling procedwe as a control method to rule out the possibility
that the disruption in spatial firing merely reflects a lack of sampling of the environment, given that
the animals move less distance and cover less of the environment while uhdeeffects of

muscimol

Our method is based on the spatial dowampling performed by Boccara et @Boccara et al.,
2019) for each cell, we produce a likt = (x_t, y_t, spike_tyhere x_t, y_tis the position of the
animal at timet and spike_tis the number of spikes the cell emitted in that time bin. The procedure

to spatially dowrsample data from recordingto match the exploration in recordingis as follows.
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Firstly, the lisLfrom Bis binned into 3cm squares based xrt, y_tand the istLfrom Ais binned
using the same number of bins as was usedf@econdly, several random samples are drawn (with
repetition) from the list L in A such that the number of samples drawn from an individual bin is the
minimum of the number of data pois falling in that bin between recordings A andU&ing this
spatially dowrsampled data, firing rate maps and spatial statistics are performed as in the rest of

this paper. This procedure is performed 200 times for each cell.

Using the method above, remtings were spatially dowsampled to match their own spatial
occupancy as an additional control since the random sampling procedure should cause small
changes. After testing spatial coherence, spatial information contemd,spatial sparsity, coherence

was the only measure tested which was resistant to deampling against selfmeandecrease of

0.015) and dowrsampling to other random dataneandecrease of 0.05).

For each cell considered in the muscimol experiments, the baseline recording wassdowled to
match the muscimol recordings, and the muscimol recordings were ekammpled to match the
baseline recording. These resulting firing maps had closely matching occupancy of the environment,

and coherence was computed on these maps.

Image analysis

Individual images of sections were aligned and tiled using Inkscape (http://inkscape.org) afiji FIJI (
Is Just Image Jhttps://imagej.net/Fij (Preibisch et al., 200R)Cresyl violet stained sections helped

to confirm electrode placem®. To assess lesion success, the ATN was segmented from
photomicrographs of ariNeuN reacted sections using FIJI and the resulting image thresholded to
show nuclei separation, before using the inbuilt Analyse Particles plugin to obtain a cell count. The
ATN cell counts were compared between the ATNx and control groups to determine lesion

effectiveness. Calbindireacted sections helped to determine the status of nucleus reuniens.

Statistical analysis
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Statistical analyses were performed in R Statisticpg://www.r-project.org/). No statistical
difference was noted betweeNormal Control and Sham Contigoups,so these were combined
into a singleControl group unless otherwise stated. Distribution of variabless assessed using
histograms, and whera normal distribution was determined, differences between groups were
/E u]v He]VP t o-Samplas} +3U v % S S]}v }testihat is &jore reliable
when samples have unequal variances or samizless Where three groups were compared, ANOVA
with a Tukey posthoc test was applied. In cases where the distribution of a variable was non

parametric, differences between groups were assessed using Ménitney U test.

For temporary inactivation experimés) data were compared to baseline (immediately prior to
Upe Julo Jv(pe]}ve A op e« pelSdpletetedt witidaBonferroni correction to account

for multiple comparisons and reduce the likelihood of Type 1 errors.

Statistical tests are reporteih the text and appropriate figure legends, (* p < 0.05, ** p < 0.01, ***
p < 0.001). Boxplots show median"28nd 75" percentiles. Boxplot tails represent the smallest and
largest value within 1.5 times the interquartile range, and outliers are defawdalues that are >
1.5 times and < 3 times the interquartile range. Data means are represented with a disshapdd

marker. Error bars on scatter plots represent standard error of the mean (SEM).
Data and Cod@ccessibility

Datasets generated durinthis study are available at OShttgs://osf.io/vdakx/) and code is
available at GitHubh{tps://github.com/shanemomara/omaraneurolgbFurther information Wi be

AJo 0 U%}v E <pu *8 C }vs Shomatadicd.K[D E ~
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420 Results

421  Throughout, the terms hippocampal formation and hippocampal refer to the dentate gyrus, the CA
422 fields, and the subiculunThe parahipocampal region includes the presubiculum, parasubiculum,
423  postsubiculum and entorhinal corticeRecordings of neuronal activity were conducted tie

424 subiculum and area CALl. Spatial alternation memory @jdct recognition memory were assessed
425 using a Tmaze anda bowtie shapedmaze, respectivelyRats receivedpermanent neurotoxic

426 lesions of the anterior thalamic nuclei (ATN®)lowing injections ofN-methylD-aspartic acid

427  (NMDA) or transientATNlesions fdlowing infusion of muscimoDther rats served as controls
428 Combininganterior thalamicnucleilesions(NMDA)with implantations inthe dorsal subiculum

429  Of 23 animak implanted, one ATNxrat was subsequently excludedlie to electrodemalfunction
430 andonenormal controlwas excluded because pbst-surgical complicationsComparisons between
431 the normalcontrol and sham controgroups consistently failed to reveal group differences,dod

432 this reasonthey weretypically }u ]Jv = ~P EhuSE Zo[* X

433  N-methyl-D-aspartic acidnjectionscaused considerable cell loss withihe anterior thalamic

434  nuclei, but spared nucleus reuniens

435 Lesioneffectivenesswvas quantified by comparinthe total anti-NeuN reacted cell coustn 40um

436 thick brain sections containinfpe anteromedial, anterodorsal, and anteroventral thalamic nuiiei

437  ATNxanimalswith the correspondingControl values (K. 1A, B).The ATNxats had markedly

438  reduced cell courst(Control16209+ 2507, ATN)X3497+ 1528 tg2=-9.68 p D iXiiiU t o Z[« dA}
439 Samplet-test; Hg. 1E), while the calbindinreacted section$ielpedto confirmthat nucleus reuréns

440 remained intact (Fg. 1G D), indicating that, despitea significant role in spatial working memory

441  (Griffin, 2015) nucleus reuniens damageas not acontributing factor to differences in either
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442  behaviour or cell firing properties in AXBnimals.

443  ATN lesiondNMDA)reduce spatiaklternation memory to chancdevels of performance
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444  Unless otherwise stated;, o Z[+ dA} " taediowere performed to compar@ontrol andlesion

445 data

446  Consistent with previous lesion studies, ATéhmalshad considerably lowespatial alernation
447  scores (5223 + 14.586) compared toNormal(83.10 + 10.966) andSham(81.25 + 11.4%)controls
448 (ANOVAR;, 1149= 77.8,p < 0.001; Tukey postoc p< 0.001; Fg. 2B), confirming their severely
449 impaired spatialworkingmemory. In contrast, ATKanimals showed no impairment in nowabject
450 discriminationwhen compaed to the Control animals ¢umulative D1t(4699= 0.99, p = 0.324;
451 updated D2tu7.25= 1.42, p = @59 indicatingthat recognition memoryunder these conditions
452  remains intact(Fig 2D-F). During free exploration in the square arenas with electrophysiological
453 recordings, the ATNXx rats travelled greater distances tiiam Control animals both during
454  habituation Controll 62.14+ 17.43 m, ATNx 88 + 14.21 mt(614)= 3.55, p = 0.003and during
455  subsequent recordingsControl120.66 + 15.19 m, ATNx 142.41 + 10.891ms5 = 2.98, p = 0.096),

456  suggesting slightly increased motaxctivity postATNX.
457  ATN lesiondNMDA)abrogate spatial firing in the subiculuranly: Quanitative analyses

458  Spatial and nosspatial single units were recorded in the dorsabisulumof allanimals. OB2 single
459 units recordedin the Control rats, 47 (57%) were considered spatial unitg=ig 3A). These units
460 consisted ofplace 6 =11; 23%), headdirection fi =20; 43%), border (n =5; 11%) and grid ( =11,

461 23%)cells. A further 35 (43%)did not showobviousspatial propertiese.g, no clear place field or
462 preferred head directionStrikingly no spatial units were recordenh the ATNk animals, although
463 non-spatial units(21), i.e, those showing no preferential firing in specific place or head orientation,

464  were present(Fig 3B) Electrode tracks are reconstructed in Hig-H.

465 In order to assess whether this absence of spatial aeliSTiNx animals was statistically significant,

466 recordingswere selectedrom Controland ATNx animals that wedeemed to bendependent, i.e.
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467 performed before and after electrode position was altered (during the habituation period), or were

468 performed several days apart, as electrodes had likely shifted natuRslyordings were considered
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to contain spatial cells or nespatial cells, regardés of the number of cells recorded or whetlibe
same cellhad been recorded previouslyhe presence of spatial cells and nspatial cellsn the
sampled recordingeasaccumulatedn a contingency table (Table 1). The null hypothesis is that the
true difference in proportion between the sample estimates is equal to 0. In other words, the
percentage of recordings with cells of a certain type is independent of the condition being control or
lesion. The results from running a two] Ev E [+ unallexatstes(Barnard, 1947jor a
binomial model on a 2x2 contingency table consisting of the observed frequencies froGottteol

and ATNxlesion recordings are as follows: for the spatial c&llentrol 15/53 vs. ATNx 0/4¥yald
statistic 4.574, differace in proportion 0.28p < 0.00)}, indicating the data strongly supports
rejecting the null hypothesjgor the non-spatial cell§Control 16/53 vs. ATNx 13/4Wald statistic
0.28, difference in proportion 0.0259, =0.81), indicating that the null hypbesis should not be

rejected.

A Bayesian analysigas then conductedn the contingency table dat@dMacKay and Mac Kay, 2003)

We find that (at about 99.99% chance), it is more likely to record a spatial cellonteolrecording
compared toan ATNXesion recording, P(PC > PL) = 0.9999. Similarly, we find that (at about 93.2%
chance), it is five times morékely to record a spatial cell in &ontrol recording compared to ra
ATNXxlesion recording, P(PC > 5 * PL) = 0.9328. Overall, we find spatial signalling isthest in

subiculum after ATN lesions.

ATN lesiondNMDA)leave nonspatial subiculum firing properties largelynchanged

Spike propertiesThe mearspike width of all recordedubicular cellpooled into a single groupas
greater in ATNx animals th&@ontrol(Control155.26+ 50.43us, ATNX13.88+ 53.87 us; w =310, p
<0.001, Mann-Whitney U test). Other spike properties (top section, Tal@eshowed no differences
between groupsincluding number of spikg€ontrol2694 + 3250, ATNx4718+ 6326; t(22.66= -1.39
p = 0.179); spike frequencyControl2.93 + 4.31 spikes/s ATNx %2 + 7.07 spikes/s w =809, p =

0.673,Mann-Whitney U test); amplitude (Control 107 = 31 pV, ATNXL04 + 19 pV; tug = 0.47,p =
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0.642); height (Controll 147 £ 54 pV, ATNX161 * 39UV t(74=-1.34 p =0.187). We tested the ISI
mediansfor normality usingthe ShapireWilk test, which indicated these data are not-normally
distributed (Control W=0.530, p<.001 ATNx W=0.691, p<.001). We therefore applied a non-
parametricMann Whitney U-test to comparethe ISImediansin the Controland ATNxgroups.The
mears of the medianISlsin the Controland ATNxgroupswere 153and547 ms, respectively(Mannt

WhitneyW=386,p=0.010 two-tailed).

When nonspatial cells inControl v]u oe A & Ju% E 3} -%9aSFl Zwdv v dEAE
animals,spikewidth (Control173+ 60 ps ATNx 213 + 54s|itus 60)= -2.56,p = 0.014, Fig.4K), and

spike height (Control 133 + 40 pV, ATNx 161 * 39 |f\511)= -2.57, p = 0.014, Fig.4J)were both

smaller inControlanimals.Spike width was assessed further using histograms to determine whether

the difference observed between Control and ATriitected different neuron populations (Fig. 5).

More short duration waveforms were recorded in Control animals than ATNX, but the eampl

obtained from the two groups were not distinct (Fig. 5A). Cells with narrow spike widths were more

often spatial, but the classification of narrow and wide waveform agls mixed in both Control

and ATNx combined (Fig. 5B) and Control only (FigTh€)mean width for controls of nespatial
cellswas170.6+ 61.3us, while for spatial cells thmean wasl42.5+ 37.5us, a significant difference

(MannWhitney U test, W=962, p = 0.026).

Spike properties ofursting cellsAs no spatial units were recorded in ATNx animals, it was unclear
whether spatial cells were present but inhibited (and, therefore, not recorded) or whether the units
SZ3SAE E }E A E 035 vVSE *% 5] 0 pv]de 83Z 8 A QutsvDde 0}3 E * %o}’
the difficulties in comparing neapatial units in theControlto unknown spatial or noispatial units

in ATNx animals, subicular cells were classified according to their spike properties into bursting, fast
spiking and thetaentrained ells ~ v (E+<}v v K[D @VHie tha percentage of subicuin

bursting cells inthe Control (53% of 82 units) and ATNx(57% of 21) animals wasessentially

equivalent other properties differedl¢wer sectionTable2, Fig.4). Cells inControlanimals showed
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a greater propensity to burst than those in lesion anim&sertrol 0.12 + 0.09 ATNx0.06 + 0.03
t(as.46= 3.69 p < 0.00L Table2). Bursting cells ir€ontrol animalsshowed more spikes per burst
(Control2.13+ 0.11, ATNX2.05+ 0.05 w =1005,p =0.004, Mann-Whitney U test) and greater burst
duration Control5.61+0.64ms, ATNX5.07 + 045 ms; t(15.1=3.04 p =0.007), and conversely lesion
animals showed larger intéburst intervas than controk Control11144+ 11074ms, ATNx31831+

39509ms; t(9.32=-1.56 p =0.038 Table2).
Muscimolinfusion reversibly reduces spatial alternation memory performaniechance

When the ATN was temponidy inactivated with muscimolspatial alternationpercentagedropped
to chancelevels(before muscimolnfusion 87.27 7.41 after muscimol infusio®0.00+ 13.97 Hg.
6B). Two animals also receivelilateral saline infusios as a control, shoimg ro deficit in spatial
alternation (87.5+ 9. The muscimol inactivation caused a significant deficit in spatial alternation
compared to both before muscimol and saline infusi@iNOVAFg 62 = 49.69, p < 0.00ITukey

posthocp < 0.00).
Muscimol infusion reversibly abrogates subiculum spatialry

Prior to the muscimol infusion sessions electrophysiological recordings were conducted on
cannulated rats to allow for electrode adjustment and habituation to recording equipment. Single
units were recorded during these habituatigreriods, however,only units recorded during the
inactivation experiments were considered hirty-five cells were recorded during muscimol
experiments. Of these, 29 were recorded at baseline, immediately prior to muscimol infusion,
and soincluded in the studyFig 6 A1-A3; C1C3).0f the 29 recorded at baseline, only one cell was

recorded prior to infusion and not afterwards.
Muscimol infusionleaves nonspatial subiculum firing properties largely unchanged
Spike propertiesFor analysisynless otherwise statedt o Z[+ dA} ~ tdesiowere performed

to considercell parameterswith respect to baseline datavith Bonferroni postoc correction to
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account for multiple comparisons of time points to baselivghen all cells were grouped together,
there was no sigificant change iimean spiking frequency followin§TN inactivatior{baseline5.07
+9.10spikes/s 40-60 min post infusior2.90+ 3.84 spikes/s tys21= 0.21, p = 0.230pr the number
of spikes per recordin@haseline5306+ 10344 40-60 min postinfusion3483+ 4607, t(46.45=0.89,p
=0.378. Mean spike width (baselin80.32+ 55.20us, 4060 min postinfusion185.81 + 50.71 s,
tss.53= 0.39 p =0.698 and amplitude (baselin13.01+ 41.43uV, 4060 min postinfusion115.22+
45.481V; t51.13= 0.19,p = 0.851) showed no changéollowing ATNnactivationwhen all cells were
grouped A histogram of spike widths showeiat while cells with narrow waveforms were more
often spatial, the spatial and nespatial groups remained mixegFig.5D). Finally, when all units
were groupedtemporary ATNinactivation led toan apparent doublingf the inter-spike interval
(ISI; baselin€64.56+ 736.57ms, 40-60 min postinfusion 1443.2% 1825.34ms) although this was

not significant = 351,p =0.239,Mann-WhitneyU test).

Following muscimol infusion, spatial propertiessoibiculumcells declind, despite no decrease in
firing frequency For designated place cells prior to infusion, the place field imewdisruptedafter
ATN inactivation (FigAl). Head directionalitplsobecame disupted without ATN input (FidsA2)
and grid cells did not firen a gridlike pattern (Fig6A3). Inmostcases, these spatial properties were
recoveredby the following day, although in some cases the cetlald no longerbe recorded (Fig.
6C3).Interestingly, thesubiculumgrid cells appeared to lose thgiace field initially but retained
some head directionality, before this too was disrupted .(BA&B,C12). We performed a additional
control measure by spatially dowsampling the firing maps before and after muscimol injection to

match occupancy in each spatial bin

Spike properties adubiculumbursting cells Of the 29 units included in the studgt baseline20
were classified abursting, 6 fast spikinggnd 2 theta modulated (prior to muscimol infusion). For
spike property analysis, theta modulated units were excluded due tw thigh firing frequencynd

insufficient numbersto perform further statistical analysidVhen fast piking and bursting units
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568 were combined, there was no difference in firing frequernoynpared to baselinefollowing ATN
569 inactivation wth muscimol $.07+ 9.10spikes/s 0-20 min post infusion 3.20 + 4. &pikes/s ts2.31)=
570 0.87,p = 0.385 Fig. 7A). All animaldravelled less distance, i,eshowed less activityas time
571 increased acrosthe experiment(baselinel15.97+ 33.12 m 60- 80 mins58.17 + 37.41 m; Fig.7B),
572  although there was no correlation between firing frequency and distareeelled (> = 0.011:Fig.
573 7C).Figure 7D illustratesthe firing frequency of each cell at baseline, thigs frequency in 5 min
574 intervals following muscimol infusion and again the following dayhdse instances where the cell

575 was recorded again.

576  Bursing units did not show any changes in burst properties following inactivation of the ATN,
577 including number ofursts spikes per burst, and burst duration (p > 0.05). Gbls$ had been
578 designated asspatial units prior to infusion showed no changes irrsbuproperties or firig
579 frequency indicating that these spatial cells continue to fire following ATN inactivation but no longer

580 displayedspatial properties.

581  Anterior thalamic lesions(NMDA) do not affect CA1 place cells, but reduce spatial alternation

582 performance to chance

583  To explore the effect of anterior thalamic lesioson spatial processing in the dorsal hippocampus, a
584 further three rats were implanted with a microdrive apparatus withreéordingtetrodes into the
585 dorsal CAl and received bilaterglermanent (NMDA) lesions of the anterior thalanic nuclei
586 (ATNx_CA1)As inthe previous experimentATNx_CAlesions werequantified by comparing anti
587 NeuN reacted cell counts in the anterior thalamic nugléh those fromControl In all ATNx_CA1
588 animds, the surgery consistently producedmarked cell loss throughout almost the entire anterior
589 thalamic nuclei An independent samplétest showed significant difference in aMieuN cell counts

590 between ATNx_CA#166+ 1003 andControl(16209 + 2507t7,=9.08,p < 0.00} groups
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591 Spatial alternation deficitsAs expected, ATNx_CAL1 rats showed a deficit in spatial alternatitireon

592  T-maze equivalent to ATNx animal€¢ntrol82.38 + 11.18ATNx_CA52.60+ 11.40,t(40.03=-10.71,
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p <0.001; Fig.80), confirmingan impairmentin spatial working memorylhese animals also showed
no deficit in object recognition and no difference in overall exploration time, comparé&wturol (p

> 0.05; Fig8D1-3).
CAlplace cells are unaffected by ATN lesions

Daily recordings were conducted in CAL1 ATNx animal§ATNx_CAlperforming a pellet-chasing
task in anarena.From these animaJ®203 weltisolated units were recorded from dorsal CA1. Units
were further classified into 103patialunits using sparsity and herence criteriagSchoenenberger
et al.,, 2016)rat 1 n=12; rat2 n=67; rat3 n=28). Putative interneurons were considered to have
been recorded from dorsal CAl if theyere recorded on the same tetrode anth the same
recording session as a spatial uniRespite the absence of spatial sighah the subiculum,

hippocampalCAl)place cells appeadintact (Fig 8E).

Disaission

The origins of @ncephalic amnesieemain something of a mysterydespite beingdescribedover a
century ago(Arts et al.,, 2017)starky contrasing with hippocampal amnesia, which hdeen
investigated in breadth and depth ¢]v §Z i0d(Bagville and Milner, 1957)Clinically,
diencephalic amnesia presenss a denseanterogradeamnesic syndrome, paralleling the amnesia
associated wittbilateral hippocampal damagdtrts et al., 2017)the anterior thalamic nuclei appear
to be critical structuregHarding et al., 2000Kril and Harper, 2012Here,we basedour rationaleon
how the anterior thalamic nuclei project to the hippocampal formation (specifically, the subiculum),
but not the hippocampus propermyhichincludesarea CA1)After ATN lesionsCAL placeell activity
appeared preserved whereas the usual heterogeneousubicular spatial activityplace, head
direction, grid, and border cellsjvas striking by itsabserce. Moreover, after ATN lesios,
performancefell to chanceon aspatialmemory task but remainedintact on a northippocampal

objectrecognition memory taskAlbasser et al., 2012ndicating aspecific rather than generalised

27



s
O
p-
@)
7p)
-
-
®
=
O
D
e
O
)
@)
O
<
@)
0p)
O
| -
-
)
Z
-

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

deficit. The same disruptive effects (behavioural cellular firing) proved reversble when using
transientinactivation (muscimol)of the ATN Thus, we concluda key contributor todiencephalic
amnesia stems from the loss of anteriorthalamic influence onthe output regions of the

hippocampal formatior{Nelson et al., 2020rnd specificallyon the subiculum.

The behavioural effects afur ATN lesiongorresponded tahose of hippocampal lesions: severely
impaired Tmaze alternation, but spared object recognition memory in the Hi@vmaze(Albasser
et al., 2010)ATNx ratshowedincreased motor activity in square arenas, matching prior evidence of
activity increases following ATN lesions in spatial sett{Wgarburton and Aggleton, 1999; Poirier
and Aggleton, 2009; Dumont and Aggleton, 20T®)r extensiveATN lesiongargelyleft CA1 place
cells intact(note, there are some reports of microstructural changesnd alterations in neuronal
activity in CAlfollowing ATN disruptionCalton et al., 2003; Dillingham et al., 2019ptably, the
proportions of CAlplace cells in ATNKAL animals is ifine with our previous experience of
normal animalg{Wang et al., 20LHok et al., 2012)and that of others (Thompson and Best, 1989;
Meshulam et al., 2017; Duvelle et al., 2019; Broussard et al., 20@6)rasting withthe more
disruptive effects of medial entorhinal cortex lesions on Clatepcell activitfHales et al., 20147s
the majority ofpyramidal cells irCAlare place cellsand CAl heavily innervates the subiculuit,
could be assumethat subiculum spatiatellsare principally diven by their CAlinputs, especially as
this projection shows activitdependent plasticity (Commins et al., 1998a,bJhe present study
reveakd, however, CAL projections alone do not support subicudr spatial firing or spatial
alternation memory.Rather, anterior thalamic nuclgirojedions (presumably direct and indirert

arecrucial forsubicularspatial celllar dischargeand forspatial alternatiormemory.

The anteroventral nucleus possesses thatadulated heaedirection cell{Tsanov et al., 201,1and
the anteromedial nucleus contains place cells and perimeter/boundary (Gelfgowski et al., 2014;
Matulewicz et al., 2019)Xonsistent withprevious reports(Sharp and Green, 1994; Brotelkas et

al., 2010, 2017)we foundspatial cellincluding gridike cell3, in the dasal subiculum of control
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642 animals Although grid celldave been widely studied in the hippocampal formation since their
643 discovery(Hafting et al., 2005the presence ofgrid cells in the dorsal subiculum is stiltelatively
644 new finding (BrotonsMas et al.,2017) Grid cellshave been reported in the presubiculumand
645 parasubiculum(Boccara et al., 2010poth parahippocampal areas recaig anterior thalamidnputs
646 (van Groen ad Wyss, 1990WAnterior thalamic lesionsglisrupt gid cell (and headdirection) activity
647 in these same parahippocampal arg@&oodridge and Taube, 199Winter et al., 2015)The grid
648 like signal foundn presubiculum and subiculum mighavethalamic(Goodridge and Taube, 1997)

649 andentorhinal(Hafting et al., 2005romponents

650 Stewart and WondStewart and Wong, 19938yigindly obsened in vitro that subicular cells can be
651 classified into burstingind non-bursting classeqconfirmed bySharp and Green, 199# vivg. A
652 fuller in vivoanalysissubsequentlyconcluded subicular unitsould beclassifiednto bursting, regular
653 spiking, thetamodulated and fast spiking units- v. E+}v v K[D Eplrsélitbursting
654  subicubr cells potentially carry more spatial information (Simonnet and Brecht, 2019Here,
655 although he proportion of bursting cells iControland ATNxgroupsremainedequivalent, some
656  properties differed: controls showed a greateurst propensity, more spikes per burstnd greater
657  burst duration. Conversely, lesied animals showedsomewhatlarger interburst intervals than
658 controls.This alteration in bursting may affect the fidelity of subictuletrosplenial transmissiaras
659  bursting cells in dorsal subiculum with direct connections to granular RSQydinggact sharpvave

660 ripples in RSNitzan et al., 2020)

661 Given the routes of ATRbersreaching the medial temporal lobe, it is worth considerifige have
662 recorded from fibers of passag. In vitro, ~ ] resording of single AP (action potential)
663 transmissionis Z oo vPduwePto the small diameters of axons and recording instability

664 (Radivojevicet al., 2017) However,Robbinset al. (2013)report, in performing hippocampaland
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665 alvearrecordingsthe presenceof short-duration triphasicwaveformshavinga peaktrough length

666 of lessthan 179 ... ré¢orded mostly on only one wire of a tetrode. While we recorded for long
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667 durationsin freely-behaving, implanted animals our units havea half-width of ~0.81.2 ms, within
668 the refractory period for action potentials Thus,on occasion we may have recorded from such
669 fibers (e.g., Fig 3A, upper grid cell; but compare BrotonsMas et al., 2017, Figs3B and 4C) The
670 possibilityof recordingsof fibers of passagen subiculumneedsfurther investigation A different
671 concernrelatesto the disruption of thalamicfibers of passageHere, muscimolhelpedto confirm

672 the NMDAlesionstargeted ATNneuronsand not fibers of passagéWinter et al.,2015)

673 Thesubiculum ishe primary hippocampaloutput of area CAlAmaral e oXU i606iV K[D &
674 2001, 2009; Cembrowski et al., 2018h areawith substantialnumbersof place cellssuggesting
675 CAlsubiculuminputs are principally spatialOur data cast newlight on this relationshipas CA1
676 inputs are not sufficient to ensure subienkpatialfiring. Onepossibiity is the ATNnormallyexerta
677 direct modulatory, includingoscillatory(Verteset al., 2001) influenceon the subiculumthat, when
678 removed,leads to changesin gain control, disrupting information processing Giventhe range of
679 spatialcellsin the ATN(Taube,1995;Jankowsket al., 2015; Matulewiczet al., 2019) suchan input
680 might, for example,help hippocampaland parahippocampategionsco-registertheir variousspatial
681 signals includingthose from CA1 Thismight explainwhy ATNIlesionsincreaseddorsal subiculum
682 spikewidth and reduced bursting properties, but left other features seeminglyintact, e.g., overall
683 spikefrequencyand amplitude. Thelatter findingshelp explainwhy immediateearly geneanalyses
684 havefound that ATNlesionscan causehypoactivityin parehippocampalfields, but little apparent

685 impacton the dorsalsubiculum (Dillinghamet al.,2019)

686 The present findings invoke a wider network accountof ATN loss that includes direct efferent
687 actionson the subiculum,alongside indirect actionsvia parahippocampaénd retrosplenialtargets
688  There remains however,the intriguing issueof why other areas(e.g., CAl,entorhinal cortex, and

689 their outputs) are insufficiently independent of the ATNto preservesubiculr spatial firing and
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690 ensureeffective spatialalternation memory.Oneclueis the subiculumsendsvery densedirect and

691 indirectprojectionsto the ATN i.e.,it isakeypart of acomplex reciprocal set of pathways(Bubbet
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692 al., 2017) Furthermore,direct anterior thalamic-hippocampalinteractionsare needed for spatial
693 alternation,irrespectiveof whether they are ATNprojectionsto the dorsalhippocampugincluding
694  subiculum asexaminedin the presentstudy), or dorsalsubicubr projectionsto the ATN(Nelsonet
695 al., 2020) Understandingthis reciprocalrelationshipwill prove integral tounderstandingwhy ATN

696 damage is such a critical component of diencephalic amri@sjgléon and Brown, 1999)

697 Thepresentresultsdemonstratethe critical rolesfor the ATNin navigation and spatial learning, and
698 spotlight the pivotal role of the subiculum, given the severity of #patial memoryalternation

699 deficit and the concurrentspaing of CAl place cells. As the subiculum is a principal source of
700 hippocampalprojections beyond the temporal lobe, these findings reveal how anterior thalamic
701 damage might indirectlpffectsitessuch as thenammillary bodiesventral striatum,andmedid and

702 orbital prefrontalcortices(Aggleton et al., 2015; Ferguson et al., 2019; Haugland et al., . 20iE3e

703 dataalsoindicatesignalling within the hippocampus (e.g., CTjot sufficient tosupportthe varied

704  spatial signals found in the subiculuBubicular spatial signalsmight arisefrom converginginputs

705 from CAl,the ATN and parahippocampahbreas includingentorhinal cortex. Further workshould

706 determine the computations performed bthe subiculum on the inputs it receives from AT®

707 support spatial alternation performance; and to discoveow the substantial input from
708 hippocampal area CA&gated by ATNhputs reachingthe subiculum Similarconsiderationsuggest
709 a complex origin fodiencephalic amnesjavhich partly arises from the direct and indirectloss of

710 ATN inputs to output regions of the hippocampal formati¢¥96 words)
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Figure and Table Legends

Figure 1

NeuNreacted coronal sections showing the status of the anterior thalamic nuclei (ATN) in
control (A) and lesion (B) animals. The nucleus reuniens (arrowed), aen shsing
calbindinreacted sections, was intact in both control (C) and lesion (D) animals, indicating
that reuniens damage was not responsible for deficits seen in ATN lesioned animals. (E) The
ATN cell count was significantly reduced in lesioned anif#al®Nx) compared to controls
(Control). Nissstained coronal sections helped to confirm electrode placement in dorsal
subiculum (F), with the electrode path indicated. (G) Schematic representing cannula
placement (blue) and the two targets of the infusineedle (red). (H) Cresyl violet stained
section indicating cannula placement, with DActed flurogold infused to indicate spread

of muscimol, with the black line indicating canula placement and red indicating the track of
the infusion needle, and dasheghite to indicate the spread of the muscimol. *** =g

iXiii ~t o Z[+ dA}-test).%aale bar = 8Qm.
Figure 2

(A) Schematic diagram of spatial alternation task. ATN lesioned animals (ATNx) showed a
significant deficit in spatial alternation coraged to both control and sham animals (B). (C)
Schematic of novel object recognition task. There was no difference between control
(Control) and lesion rats in cumulative D1 (D), D2 (E), or total exploration time (F).<** p

0.001 (ANOVA with Tukgpst-hoc), error bars represent SEM.

Figure 3
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917

Representative single units recorded in the dorsal subiculum in control (Control; A) and ATN
lesion (ATNXx; B) animals. For individual units the figures illustrate: Heatmap of spike location
adjusted for time spent in each location; path in arena (black wpike location (blue);

head direction; mean spike waveform. For the Control group, different classes of spatial
cells are displayed, along with a nepatial cell. No spatial cells were recorded in the ATNx

cases. HD, head direction.

Figure 4

Properties of bursting and nospatial subicular cells. (A, B) Waveforms and autocorrelation
histograms were used for cell classification. (C) Diagram of waveform properties. Bursting
cells in Control showed a higher burst duration (E), had more spikes per byshdrhad a
higher propensity to burst (H). Bursting cells in ATNx had a greater spike width (D) and
higher interburst interval (1), than notbursting cells. (J, K) Ne@patial cells in ATN had
higher spike width and spike height than nspatial cellsi Control animals. For boxplots
(D-K), filled circles indicate outliers and unfilled diamonds indicate the mearx 8.p5, **

p<0.01,**p<iXiii ~t o Z[+ dA t-tesudbddannWhitney U test).

Figure 5

(A) When Control rats are compared to ratith permanentNMDA lesionsof the ATN
(ATNx), more short duration waveforms were recorded in Cogitrbut the samples
obtained from the two groups of rats are not distinct. (B, C) In the permanent lesion study,
narrow waveform cells were more often spalti but the classification of wide and narrow

waveform cellsvasmixed. B presents combined data for the Control and ATNXx rats, while C
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presents data for only Cdamol rats. (D) Similarly, irats where the ATN was inactivated with

muscimo] narrow waveforncells were more often spatial, but the grougere mixed.

Figure6

(A2-A3) Examples of spatial units before, during and after muscimol infusion. Spatial
properties of single units decreased when ATN was inactivated. (Note, unit A3 showed
relative inactivity after 100120 minutes, and the cell was not recorded the next day). (B)
Spatial alternation dropped to chance levels when the ATN were temporarily inactivated
with muscimol, compared to the same animals prior to infusion. When saline was irifused
place of muscimol no deficit was present. {C3) further examples of spatial units before
and after ATN inactivation. C1 shows disruption of place field shortly after muscimol
infusion with some head directionality remaining, which was later disrupkt (C3), no

firing was detected after muscimol infusion. ** =<®.01 (ANOVA with Tukey pesbc).

Figure7

Spike properties following temporary inactivation of ATN with muscimol (M). (A)
Inactivation of ATN caused no significant decrease in singidinimg frequency. (B) Animals
showed decreasing levels of activity throughout the experiment, although there was no
significant correlation between distance travelled and spike frequency (C). (D) Represents
firing frequency of each cell recorded at basel (left), in 5 minute bins throughout the
experiment. The first white line indicates ATN inactivation withiscimol, after 1580
minutes of baseline recording before infusion. In most cases, electrophysiological recording
was paused for-fmazetestingbetween 83100 minutes (second and third white lines), then

continued. Recordings in which the animal was largely inactive or asleep were excluded. The
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final white line indicates data from the day after infusion. (E) There were no significant
changes in spifiring in spatial units as a result of ATN inactivation and burst properties
remained consistent including the number of bursts (F). (A, B, E, F) First red vertical line
~ZD[* Jv] &+ 8Z ]Jv(pe]l}Vv }( upe JuloU « }v E nhs@EkEh o0 o]v
§Z v £ C ~ZE [*X Z Jv & % @&  v8e 11 ujvpus « }( & }E
baseline, immediately prior to inactivation, with error bars indicating SEM. Theta entrained

cells are removed from A, B and C due to high firing frequencypamed to other cell

classes. **p< iXiii ~t o Z[+ dA t-testMésroBonferroni correction).

Figure8

Representative electrode placement in CA1 (A) and ATN lesion (B), in-rébeibd
sections. (C) Animals with ATN lesions and electrodes implan@Ainshowed a significant
deficit in spatial alternation task compared @ontrolanimals (control data repeated from
experiment 1). (DD3) The same cohort of ATNx animals showed no deficit in object
recognition on bow tie maze. (E) Representative plags aecorded from CAL in three

ATNx animals.

Table 1

Z }E JvPe (E}u }v8E}o v dEZA v]u o ~AZ E ZE }E JvP]
an open field recording session) were selected such that recordings were independent.
Recordings were deemetb be independent if they were performed before and after
adjustment of electrode position, or if they were several days apart, as the electrodes had

likely shifted naturally. For each of these recordings, the presence or absence of both spatial
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cells andnon-spatial cells were marked, and the observed frequencies are presented in the

table.

Table 2

Summary of spike and burst properties of subicular units. Duty cycle describes the portion of
the inter-burst interval during which a burst fires. * p < 0.05,p < 0.01, *** p < 0.001

~t 0 Z[* dA} Atesho

Figures and Tables

Rt Hp Ty
LR

Fig 1: NeuNreacted coronal sections showirige status of the anterior thalamic nuclei (ATN) in control (A)

and lesion (B) animals. The nucleus reuniens (arrowed), as shown using calk#éudét sections, was intact

in both control (C) and lesion (D) animals, indicating that reuniens damage wassponsible for deficits

seen in ATNesioned animals. (E) The ATN cell count was significantly reduced in lesioned animals (ATNX)
compared to controlsGontro). Nissistained coronatections helped to confirm electrode placement in dorsal
subiculum (F), ith the electrode path indicated. (G) Schematic representing cannula placement (blue) and the
two targets of the infusion needle (red). (H) Cresyl violet stained section indicating cannula placement, with
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976 DABreacted flurogold infused to indicate spreadmfiscimo] with the black line indicating canula placement
977 and red indicatinghe track of theinfusion needle and dashed white to indicate the spread of the muscimol

978 **=p<iXili ~t o Z[+ dA}t-test).%aale bar = 8q0m.
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= ATNx
== Control

979

980 Fig 2: (A) Schematic diagram of spatial alternation task. ATN lesioned animals (ATNx) showed a significant
981  deficit in spatial alternation compared to both control and sham animals (B). (C) Schematic of novel object
982  recognition task. There was no differerfetween Controland lesion rats in cumulative D1 (D), D2 (E), or total

983  exploration time (I *** p <0.001 (ANOVA with Tuk@psthod), error bars represent SEM.
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Grid

Non-spatial

985

986 Fig 3: Representative single units recorded in the dorsal subiculum in cor@ahttol A) aml ATN lesion

987 (ATNx; B) animals. For individual units the figures illustrate: Heatmap of spike location adjusted for time spent
988 in each location; path in arena (black) with spike location (blue); head direction; mean spike waveform. For the
989 Controlgroup, different classes of spatial cells are displayed, along with spatial cell. No spatial cells

990 were recordedn the ATNx cases. HD, head direction.
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Observed frequencies for recordings Control | Lesion Total

Spatialcells

At least onespatial cell was recorded 15 0 15
Spatial cells were not recorded 38 47 85
Total recordings performed 53 a7 100

Non-Spatial cells

At least one norspatial cell was recorded 16 13 29
Nonspatial cells were not recorded 37 34 61
Total recordingperformed 53 47 100

992

993 Tablel: Recording counts from Control and ATNx animals

994  Recordingsfrom Controland ATNx animalgvhere a gecording] ]+  (]v a sinrgle trial of an open field
995 recording sessio) were selected such that recordingeere independent. Recordings were deemed to be
996 independent if they were performed before and af@djustment of electrode positigror if they wereseveral

997 days apart, as the electrodes had likely shifted natur&ly.each of these recordings, the peese or absence
998  of both spatial cells and nespatial cells were marked, and the observed frequencies are presented in the

999 table.
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1001

1002

1003

1004

1005

1006

Control ATNx (Lesion)

Mean +SD Mean +SD
Number of spikes (per 20 minutes) 2694.93 3249.93 4718.00 6326.09
Spikerate (spikes/3 2.93 4.31 5.42 7.07
Spike amplitudep(V) 106.91 31.15 104.33 19.20
Spike heighty(V) 146.91 53.96 161.18 39.32
Spikewidth (us) *** 155.26 50.43 213.88 53.87
Inter-spike interval (ISI; ms) 1008.59 1381.03 2253.24 3453.02
Total bursts (pe20 minutes) 238.90 435.98 116.6 157.78
Total bursting spikes (per 20 minutes) 526.59 981.86 242.90 331.59
Mean bursting ISI (ms) 4.08 0.32 3.88 0.28
Spikes per burst * 2.13 0.11 2.05 0.05
Mean burst duration (ms) * 5.61 0.64 5.07 0.45
Inter-burstinterval (ms) * 11144.49 | 11073.79 | 31830.77 | 39508.75
Mean duty cycle (burst duration / intdsurst interval) 0.05 0.05 0.02 0.02
Propensity to burst (bursting spikes / total spikes) ** | 0.12 0.09 0.06 0.03

Table2: Summary of spike and burst properties of subicular units.

Duty cycle describes the portion of the irdeurst interval during which a burst firesp*<0.05, ** p<0.01,

e <IX111 ~t 0 Z[+ dA}-test).% o
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Bursting units
Non-spatial units

1007

1008 Fig 4: Properties of bursting and nespatial subicular cells. (A, B) Waveforms and autocorrelation histograms
1009 were used for cell classification. [@pgram of waveform properties. Bursting cellCiontrolshowed a higher
1010  burst duration (E), had more spikesrgeurst (F), and had a higher propensity to burst (H). Bursting cells in
1011 ATNx had a greater spike width (D) and higher ibtanst interval (1), than notursting cells. (J, K) Napatial
1012  cells in ATN had higher spike width and spike height thanspaitial cells inControlanimals. For boxplots (D
1013 K), filled circles indicate outliers and unfilled diamonds indicate the mep®.3.05, ** p<0.01, *** p <0.001

1014 ~t o Z[+ dA} 2AtesweoMannWhitney U tes}.

1015
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A Permanent ATN lesion (NMDA): all units B Permanent ATN lesion (NMDA): all units

mm ATNx mm Spatial
25 == Contral 25 mm Non-spatial
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C Permanent ATN lesion (NMDA): Cantrol only D Temporary ATN inactivation (muscimol): all units
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2 £
8 8
G G
— e
2 8
£ £
p=] =
= =
150 200 250 150 200 250
Mean spike width (us) Mean spike width (us)

Fg. 5: (A) When Control rats are coraged to rats with permanent NMDA lesions of the ATN (ATNx), more
short duration waveforms were recorded in Congadbut the samples obtained from the two groups of rats

are not distinct. (B, C) In the permanent lesion study, narrow waveform cellsmaene often spatial, but the
classification of wide and narrow waveform cells was mixed. B presents combined data for the Control and
ATNXx rats, while C presents data for only Control rats. (D) Similarly, in rats where the ATN was inactivated with

muscimol,narrow waveform cells were more often spatial, but the groups were mixed.
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1036

Fig 6: (A1-A3) Examples of spatial units before, during and after muscimol infuSjeatial properties of single
units decreased when ATN was inactivated. (Note, unit A3 showed relative inactivity afté2Q@8@inutes,

and the cell was not recorded the next dafB) Spatial alternation dropped to chance levels when the ATN
were tempoarily inactivated with muscimol, compared to the same animals prior to infusion. When saline was
infused in place of muscimol no deficit was pres€@tC3) further examples of spatial units before and after
ATN inactivation. C1 shows disruption of plafoeld shortly after muscimol infusion with some head
directionality remainingwhich was later disrupted. For (C3), no firing was detected aftescimol infusion.

** = p<0.01 (ANOVA with Tukepsthog.
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Fig 7: Spike properties following temporary inactivation of ATN with muscimol (M). (A) Inactivation of ATN
caused no significant decrease in single unit firing frequency. (B) Animals showed decreasing levels of activity
throughout the experiment, although there ag no significant correlation between distance travelled and

spike frequency (C). (D) Represents firing frequency of each cell recorded at baseline (left), in 5 minute bins
throughout the experiment. The first white line indicates ATN inactivation withcimd, after 1520 minutes

of baseline recording before infusion. In most cases, electrophysiological recording was pausedaize T
between80-100 minutes (second and third white lines), then continued. Recordings in which the animal was
largely inactiveor asleep were excluded. The final white line indicates data from the day after infusion. (E)

There were no significant changes in spike firing in spatial d@tause ofATN inactivation and burst

properties remained consistent includirthe number of lursts ~&+X ~ U U U &+ &]JE*S & A E3]
Jv] 8¢« 8Z Jv(pe]}v }( upe JuloU ¢« }v E A ES] oo]v Jv] 8+« E }E JvPe-

bin represents 20 minutes of recording. Data are compared to baseline, immediatelyopinactivation, with
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1050 error bars indicating SEM. Theta entrained cells are removed from A, B and C due to high firing frequency

1051 compared to other cell classes. **iXiii ~t o Z[+ dA }t-tesumittoBonferroni correction).
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Fig8: Representative electrode placement in CA1 (A) and ATN lesion (B), irrdamidd sections. (C) Animals
with ATN lesion§ATNxandelectrodes implanted in CA1 showed a sigaifit deficit in spatial alternation task
compared toControlanimals (control d repeated from experiment 1). (EQ23) The same cohort of ATNx
animals showed no deficit in objecognition on bow tie maze. (E) Representative place cells recorded from

CAL1l in three ATNx animals.
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