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Fragile X Syndrome is a common inherited, monogenic cause of intellectual disability and autism
spectrum disorder, but the altered neural mechanisms underlying it remain unclear. Here, we
investigate the development of the head-direction system in a rat model of Fragile X Syndrome (Fmr1™
rats) through electrophysiological recordings in the postsubiculum during exploration and sleep.
Surprisingly, juvenile Fmr17 rats exhibited sharper head-direction tuning and increased stability of the
head-direction signal in relation to the external environment. Increase in intrinsic head-direction tuning
persisted across behavioral and sleep states. In contrast, in adult Fmr1™ rats, head-direction tuning
was less stable than in wild-type rats despite normal intrinsic head-direction tuning. These findings
suggest a transient sharpening of head-direction coding in juvenile Fmr1™ rats, followed by a
degradation in adulthood, mirroring the developmental regression often observed in
neurodevelopmental conditions including Fragile X Syndrome. Overall, our work reveals systems-level
dysfunctions in a rat model of Fragile X Syndrome and their developmental trajectories.

Autism spectrum disorder and intellectual disability (ASD/ID) are
comorbid conditions characterized by abnormalities in early cognitive
development that persist into adulthood. In many cases, their symptoms are
linked to de novo or inherited mutations in genes involved in neuronal
function'. With the aid of genetic rodent models, much progress has been
made in uncovering how these single-gene mutations affect intracellular
processes like excitability, synaptic transmission and plasticity’. However,
how such synaptic phenotypes give rise to cognitive symptoms in ASD/ID at
a systems level is not well understood.

The neurodevelopmental nature of ASD/ID necessitates quantification
of systems-level phenotypes during early postnatal development—a task
aided by the recent introduction of rat ASD/ID models™™. Indeed, com-
pensation mechanisms that emerge throughout adolescence often occlude
the primary circuit dysfunctions that give rise to ASD/ID phenotypes’. In
recent years, the problem has been addressed by focusing on primary sen-
sory systems'*""?, in which neural tuning to sensory features can be quan-
tified even in early postnatal development'*™"*. However, neural activity in
sensory systems is principally driven by external stimuli and is thus sensitive
to aberrations in upstream sensory processing as well as attentional control,

each of which may also be affected in ASD/ID'®". These different influences
highlight the need to develop new paradigms to accurately assess the
functional properties of cognitive circuits in juvenile rat models of ASD/ID,
both when such activity is driven by and when it is independent of external
stimuli.

In contrast to primary sensory systems, neurons in cortical networks
that give rise to the brain’s cognitive map often exhibit narrow tuning related
to the animal’s current position in space'®. This spatial selectivity enables
detailed mapping of their receptive fields in juvenile rats engaged in simple
spatial exploration'*”. Importantly, neural activity in these networks is
constrained to low-dimensional neural manifolds that persist across online
(e.g., awake) and offline (e.g., sleep) states™**. Recent work has shown that
such manifolds provide access to neuronal tuning independently of the
stimulus space™, which makes these circuits ideal candidate model sys-
tems to study early postnatal network development in vivo.

The rodent head-direction (HD) circuit is a canonical example of a
low-dimensional neural system in which population activity represents a
one-dimensional circular variable™. In the awake state, this latent variable
corresponds to the animal’s current HD in the allocentric reference frame,
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while during sleep it drifts and no longer relates to the external world”. This
invariance of network topology across brain states indicates rigid functional
connectivity, which can be probed by examining the neural manifold and
the inferred latent state.

Here, we show that in a rat model of Fragile X Syndrome (FXS), an
inherited monogenic cause of ASD/ID”, the cortical HD signal is transiently
sharper early in postnatal development but becomes unstable by adulthood.
Using manifold analysis across online and offline brain states, we establish
that the juvenile increase in sharpness is largely due to differences in intrinsic
dynamics, while deterioration during adulthood stems from the difficulty
with anchoring the HD signal to the external world. Overall, we introduce
the rodent HD circuit as a valid and tractable model system that allows for
unprecedented insights into network-level phenotypes in rodent models of
neurodevelopmental disorders.

Results

We recorded populations of neurons in the postsubiculum (PoSub), the
cortical hub of the HD system™, in juvenile post-weaning (P22-28) male
rats missing the only copy of the EMRI gene (Fmrl " rats; n = 372 units in 5
rats) as well as in their wild-type (WT) littermates (# = 406 units in 7 rats).
PoSub cells were recorded using silicon probes (Figs. la and Sla, b) while
rats foraged in an open field. Each recording day consisted of two 20 min
foraging sessions, with a 90 min period of rest between sessions, during
which sleep activity was recorded. Juvenile Frmrl ™ rats exhibited similar
linear speed and angular head velocity as their WT littermates (Fig. Slc, d)
and spent a similar amount of time facing the polarizing visual landmark
(Fig. Sle). Our planned analyses focused on two complementary properties
of the HD representation: the precision of HD tuning and the stability of the
HD signal relative to the allocentric reference frame.

Statistical comparisons of cell-level data were performed using linear
mixed-effects (LME) models to account for the hierarchical structure of cells
nested within animals.

Excitatory cells in PoSub are tuned to HD in both adult and post-
weaning juvenile WT rats™™", so we limited our analysis to well-isolated
units of this putative cell type, using trough-to-peak duration as the clas-
sification criterion (Fig. S2a; range: 6-83 putative excitatory units per
recording). While we observed directional tuning of putative excitatory cells
in PoSub (henceforth referred to as PoSub cells) in both WT and Fmr1™”
juvenile rats, to our surprise well-tuned HD cells constituted a larger pro-
portion of the recorded cell population in the latter (Fig. 1b-d). Quantifi-
cation of HD tuning using either via HD information (“HD info”) or the
width of the tuning curves (Figs. le, f and S2e, f) confirmed that overall,
PoSub cells in juvenile Fmr1 ™" rats were indeed more sharply tuned to HD
than PoSub cells in their WT littermates. This difference in tuning could not
be explained by differences in cluster quality, firing rates, electrode positions
or age at the time of recording (Figs. S2b-d and S2g, h).

The narrower HD tuning curves observed in juvenile Fmrl ™ PoSub
cells could reflect either intrinsically sharper HD tuning or improved
anchoring of the HD signal to the allocentric reference frame. To distinguish
between these possibilities, we first compared HD tuning curves computed
separately for the first and second half of each foraging session (Fig. 1g).
While both genotypes showed sharper tuning computed for half of the
session in comparison with the whole session, this improvement was larger
in WT rats than in Fmrl™” rats (Fig. S2j), pointing towards reduced HD
signal drift in juvenile Fmr1~” rats. We next quantified the angular drift of
HD tuning curves between the first and second halves of the session, relative
to the external reference frame. Indeed, despite overall stability across
recording sessions (Fig. S2k), tuning curves in juvenile Fmrl ™ rats drifted
less within each session than those of WT rats (Fig. 1h). This difference in
drift was also observed on the population level (Fig. 1i, j). Thus, the apparent
sharper HD tuning in juvenile Fmrl™ rats could be explained, at least in
part, by the lower degree of drift of the HD signal with respect to the
allocentric reference frame.

If differences in anchoring to the external world underlie the differ-
ences in HD tuning, we would expect the overall HD tuning in juvenile

Fmr1™” rats to be similar to that of WT rats if computed independently of
the allocentric reference frame. In other words, the fidelity of the internally
generated HD signal should be the same across the two groups, with the
differences lying in how this internal HD signal relates to the animal’s real
HD with respect to the environment. Highly structured intrinsic dynamics
within the HD circuit enable estimation of relative HD tuning curves from
population activity alone, independent of any external variables and refer-
ence frames”. We thus applied the Isomap dimensionality reduction
technique to the PoSub cell population vectors obtained during the
exploration sessions (Figs. S3 and S4a—c). In both WT and Fmr1 ™" rats, the
radial coordinate of PoSub population activity projected onto two dimen-
sions corresponded to the animal’s current HD and could be used to
compute intrinsic (“manifold”) HD tuning curves (Fig. 2a, b, e). However,
while HD tuning curves reconstructed from the manifold corresponded well
to the HD tuning curves calculated in the allocentric reference frame (Fig. 2c,
d, ), these intrinsic tuning curves were better tuned to HD in juvenile Frnr] -
? rats than in their WT littermates (Figs. 2g and S4b, c). Thus, PoSub cells in
juvenile Fmrl™ rats exhibit intrinsically sharper tuning to HD indepen-
dently of the possible differences in anchoring to the allocentric refer-
ence frame.

While the manifold HD obtained from population activity during wake
periods should be independent of drift relative to the external environment,
it is still conceivable that it is influenced by ongoing behaviour, sensory
sampling, or state-dependent modulation. We therefore asked whether
sharper intrinsic HD tuning in juvenile Fmr1~” rats was also present during
sleep (Fig. S4a and d), when HD population activity is internally generated
in absence of consciousness and the HD signal, while coherent, is disen-
gaged from the animal’s current HD. We focused on Rapid Eye Movement
(REM) sleep because HD cell population dynamics during this state closely
resemble wakefulness™”*, In contrast to non-REM (NREM) sleep™”, the
HD signal during REM is continuously expressed and drifts at approxi-
mately real-time speed, allowing tuning curves to be reconstructed using
temporal binning comparable to wake exploration*** (Fig. 3a, b). We
found that, overall, juvenile Fmrl ¥ rats had shorter REM episodes and
spent a smaller proportion of sleep in REM (Figs. 3c and S4b, ¢), but the
REM spiking activity was similar to wakefulness in both groups (Fig. S4e).
HD tuning curves generated from the REM manifolds (Fig. S4d) corre-
sponded well to the HD tuning curves calculated in the allocentric reference
frame during exploration but were free from drift (Figs. 3d and S4b, ¢).
Importantly, PoSub cells in juvenile Fmrl ™ rats still showed sharper HD
tuning even when the tuning was computed from internally generated
activity during REM sleep (Fig. 3e). Overall, these findings indicate that on
top of enhanced anchoring to the allocentric reference frame, HD tuning in
juvenile FmrI™ rats is intrinsically more precise.

We then sought to establish whether the increased sharpness of
PoSub HD cell tuning in juvenile Fmr1 ™" rats is transient or persists
to adulthood. To that end, we recorded PoSub activity in adult
Fmrl™” rats (n=372 units from 6 rats) and their WT littermates
(n =406 units from 6 rats) in the same experimental protocol (range:
30-114 putative excitatory units per recording; Figs. 4a, S6, and
S7a-d). Since action potentials in adult rats tend to be narrower than
in juveniles™, we used a higher trough-to-peak threshold for identi-
fying putative excitatory cells (Fig. S7a). In contrast to what we
observed in juvenile rats, HD tuning in adult Fmrl™” rats was no
different than that of WT littermates (Figs. 4b—f and S7e-g). Ana-
lyzing both age cohorts together revealed that the sharpening of HD
tuning was age-dependent (HD info, LME: age x genotype interac-
tion, B=—0.82, 95% CI=[—150, —0.14], x*(1)=4.98, p=0.026;
n =juvenile WT: 7 rats/325 cells, juvenile Fmrl™: 5 rats/245 cells,
adult WT: 6 rats/398 cells, adult Fmrl™: 6 rats/339 cells). However,
while juvenile Fmr1~” rats showed evidence of superior anchoring of
the HD signal to the external world, adult FmrI " rats showed an
inverse phenotype, with more drift of the HD signal
(Figs. 4g-j and S4h, i; tuning curve offset, LME: age x genotype
interaction, $=0.88, 95% CI=[0.21, 1.55], x*(1)=5.86, p=0.015;
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Fig. 1 | Sharper HD tuning and HD signal stability in juvenile Fmrl ™" rats.
a Recording enclosure and silicon probe placement in PoSub. b, ¢ Example tuning
curves of a subset of PoSub cells in a juvenile WT rat (b) and a juvenile Fmr1 ™ rat (c).
d Normalized HD tuning curves of all PoSub cells with tuning curve width < 120°.
e, f Overall distribution (left) and animal averages (right) of HD info (e) and tuning
curve width (f) indicate sharper HD tuning in juvenile Fmrl ™ rats (HD info, LME,
likelihood-ratio y” test (two-sided): genotype effect, 8 = 0.63, 95% CI = [0.06, 1.19],
(1) =3.97,P=0.046; n = WT: 7 rats/325 cells, Fmr1™": 5 rats/245 cells; half-width,
LME, likelihood-ratio XZ test (two-sided): genotype effect, = —0.14, 95% CI =
[—0.27, —0.02], ¥*(1) = 4.52, P=0.033; n. = WT: 7 rats/250 cells, Fmr1™": 5 rats/207
cells). For tuning curve width, only cells with width < 120° were included.
g Relationship between HD tuning of PoSub cells across two halves of the
exploration epoch (WT, r=0.86, n = 325, P=10""; Fmrl™, r=0.93, n = 244,
P=10"""). Bluelines, linear fits. h Top, examples of HD tuning curves for two halves
of a recording epoch and associated tuning cross-correlograms, showing

considerable drift in a PoSub cell from a WT rat but a stable firing direction in a cell
from an Fmr1™” rat. Dashed lines, angular offset of maximum tuning curve corre-
lation. Bottom, distribution of tuning curve offsets between two halves of the
exploration epoch for all cells, as well as animal averages, indicating enhanced
anchoring (i.e., smaller offsets) of the HD signal to the allocentric reference frame in
Fmr1™” rats (LME, likelihood-ratio y* test (two-sided): genotype effect, = —0.59,
95% CI = [—1.12, —0.06], ¥*(1) = 3.97, P = 0.046; n = WT: 7 rats/325 cells, Fmr1 " 5
rats / 244 cells). i Example real and decoded HD during a single recording session in
WT and Fmrl " rats, as well as the drift of the decoded HD with respect to the
animal’s real HD. j Juvenile Fmrl ~ rats show less drift of the HD signal within the
recording session (two-sided Student’s t-test on animal averages: mean drift,

£(10) = -3.13, P = 0.0106, 95% CI = [—26.3, —4.45]; Standard deviation (SD) of drift,
#(10) = —3.32, P =0.008, 95% CI = [—24.6, —4.85]). Dashed lines on histograms,
population medians; horizontal lines on animal average panels, means of animal
averages. * P<0.05, ** P<0.01.

n =juvenile WT: 7 rats/325 cells, juvenile Fmrl ”: 5 rats/244 cells,
adult WT: 6 rats/398 cells, adult Fmrl™: 6 rats/339 cells; mean
decoding drift, 2x2 ANOVA: agexgenotype interaction,
F(1,20) =19.33, n=7 WT juvenile, 5 Fmrl™ juvenile, 6 WT adult, 6
Fmrl™ adult rats, p=0.0002; SD decoding drift, 2x2 ANOVA:
age x genotype interaction, F(1,20)=15.37, n=7 WT juvenile, 5
Fmrl™ juvenile, 6 WT adult, 6 Fmr1™” adult rats, p =0.0008).

As expected, the internal HD generated from the manifolds (Figs. S8a
and Fig. 5e) matched real HD well (Fig. 5a-d, f) and there were no

differences in the tuning of HD tuning curves obtained from the manifolds
during periods of wakefulness (Fig. 5g) or REM sleep (Figs. 6a, b, d,
e and S6d-i). Unlike juveniles, adult Fmr1 % rats had WT-like duration of
REM bouts (Figs. 6¢ and S9), indicating that this sleep phenotype was not
present in adulthood.

Thus, the sharper quality of the intrinsic HD tuning curves in Fmrl ™
rats is developmentally transient and disappears as the rats reach adulthood.
Furthermore, while juvenile Fmrl ™ rats displayed precise anchoring of the
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Fig. 2 | PoSub cells in juvenile Fmrl " rats show sharper tuning to the internal
HD signal during wakefulness. a, b Examples of internal HD (top) decoded from
Isomap projections (bottom) of PoSub cell spiking (middle, 15 cells with highest HD
info) during a single awake exploration session (WAKE) in a juvenile WT rat (a) and
an Fmr1™” rat (b), with each population vector colored according to the animal’s
current HD. pEMG pseudo-electromyogram. ¢, d Alignment of the internal HD
(angle from the centre of the manifold) to the real HD measured externally (left) and
example HD tuning curves computed in the allocentric reference frame (Real HD)
and reconstructed using the angle from the centre of the manifold (Manifold-
WAKE). e In all animals alignment of the internal HD with real HD was stronger
than in the control alignment computed by reversing the manifold angle in time

log1o(HD info)
Manifold-WAKE

(two-sided Student’s t-test on animal averages: t(6) = 4.60, n = 7 rats, P = 0.004, 95%
CI=[0.15,0.49]; Fmr1™: t(4) = 6.76, n =5 rats, P =0.003, 95% CI = [0.28, 0.67]).
f Magnitude of HD tuning in PoSub cells is preserved in the tuning curves recon-
structed only from the manifold during WAKE (W'T, r = 0.88, n = 325 cells,
P=10""" Fmrl1™, r=0.94, n = 240 cells, P = 10~""*). Blue lines indicate linear fits.
g Overall distribution (left) and animal averages (right) of HD info indicate sharper
tuning to internal HD in juvenile FmrI™” rats (LME, likelihood-ratio y* test (two-
sided): genotype effect, = 0.53, 95% CI = [0.05, 1.01], x*(1) = 3.93, P =0.047;
n=WT: 7 rats/325 cells, Fmr1™": 5 rats/240 cells). Dashed lines on the histogram
indicate population medians; horizontal lines on animal average panels are means of
animal averages.* P < 0.05, ** P<0.01.

HD signal to the allocentric reference frame, it degraded by adulthood
despite intact intrinsic HD tuning,

Discussion
In the present study, we assessed how neural representations of the outside
world are altered in a rat model of FXS. We leveraged the experimental

tractability of the cortical HD system in Frmrl ™" rats to reveal unexpectedly
sharper HD tuning in PoSub that is apparent in 3-4 week old juveniles but
absent in the adult cohort. This phenotype was accompanied by an
enhanced anchoring of the HD signal to the external world in juvenile
Fmr1™” rats, but reconstruction of the intrinsic HD tuning curves from
PoSub cell activity manifolds during both wakefulness and REM sleep
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Fig. 3 | Sharper PoSub cell tuning to the internal head direction signal in juvenile
Fmr1™” rats persists during REM sleep. a, b Examples of internal HD (top) decoded
from Isomap projections (bottom left) of PoSub spiking activity (middle) during
REM sleep from the same recording session as in Fig. 2a-d. HD tuning curves
(bottom right) can be reliably reconstructed from the REM sleep activity (Manifold-
REM). ¢ Juvenile Fmr1 ™" rats have shorter REM episodes (LME, likelihood-ratio y*
test (two-sided): genotype effect, = —0.45, 95% CI = [—0.75,—0.17], *(1) =6.73,
P =0.0095; n = WT:7 rats/100 episodes, Fmr1~: 5 rats/75 episodes). d Magnitude of
HD tuning in PoSub cells is preserved in the manifold REM tuning curves in both

genotypes (WT, r=0.79, P=10"", n =325 cells; Fmr1™”, r=0.91, n =243 cells,
P=10""). Blue lines, linear fits. e Overall distribution (left) and animal averages
(right) of HD info indicate sharper HD tuning to internally generated activity during
REM in juvenile FmrI™ rats (LME, likelihood-ratio y* test (two-sided): genotype
effect, $=0.51, 95% CI = [0.07, 0.96], x*(1) = 4.78, P = 0.036; n = WT: 7 rats/325
cells, Fmr1™: 5 rats/243 cells). Dashed lines on histograms, population medians;
horizontal lines on animal average panels, means of animal averages. * P < 0.05,
** P<0.01.

allowed us to show that the increased sharpness of the HD signal in juvenile
Fmr1™” rats was independent of anchoring. In adult FmrI™ rats, in con-
trast, the anchoring of the HD signal to external landmarks was weaker than
that of WT rats. Although the juvenile and adult recordings were obtained
from separate cross-sectional cohorts rather than longitudinally from the
same animals, the opposing genotype effects observed at the two ages are
consistent with an age-dependent change in this neural representation.
Previous spatial phenotypes reported in FmrI ™ rats have been subtle
and highly dependent on age, brain area, and experimental conditions.
Impairments in spatial memory and cognition have been reported in Frmr1 ™’
? rats, including slower and poorer performance in a Morris water maze
task™ and a deficit in object-place-context recognition memory™, but both
of these phenotypes were sensitive to conditions such as experimental age
and the exact training paradigm. Within the hippocampus, Fmr1~” neurons
show reduced experience-dependent changes in activity’. Consistent with
individuals with ASD, Fmr1™” rats show differences in sensory processing
compared to WT rats. This includes degraded responses to auditory

stimuli®’, faster reaction times to sound and impaired temporal but
enhanced spectral modulation of loudness, compared to control”, hyper-
activity in the juvenile visual cortex™, and altered neurological and beha-
vioural responses to almond odour”. Thus, the phenotypes reported here
are consistent with a pattern of neuronal alterations in spatial cognition and
sensory processing.

The sharper HD tuning in juvenile Fmr1™” rats may arise locally within
PoSub or be inherited from alterations earlier in the HD circuit. The HD
signal is thought to originate in a network comprising the dorsal tegmental
nucleus (DTN) and lateral mammillary nucleus (LMN), which projects via
the anterior nucleus of the thalamus to PoSub**'. Modelling*™* and lesion
studies'"” indicate that directional firing fields of HD cells depend on highly
structured connectivity within the DTN-LMN network, whereby cells
coding for similar directions support each other while cells coding for
opposite directions inhibit one another, likely via inhibitory interneurons.
Such ring-attractor-like dynamics constrain HD population activity to a
common state space across brain states, allowing a coherent HD signal to be
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Fig. 4| WT-like HD tuning but degraded HD signal stability in adult Fmrl " rats.
a Recording enclosure and silicon probe placement in PoSub. b, ¢ Example tuning
curves of PoSub cells in adult WT (b) and Fmr1 ™ rats (c). d Normalized HD tuning
curves of PoSub cells with tuning curve width < 120°. e, f Overall distribution (left)
and animal averages (right) of HD info (e) and tuning curve width (f) indicate
normal levels of overall HD tuning non-directional in adults Frmr1 ~ rats (HD info,
LME, likelihood-ratio y” test (): no genotype effect, f = —0.19, 95% CI = [—0.59,
0.21], Xz(l) =0.86, P=0.35; n = WT: 6 rats/398 cells, Fmr1™": 5 rats/339 cells; half-
width, LME, likelihood-ratio y* test (two-sided): no genotype effect, § = —0.011,95%
CI=[-0.14, 0.12],)(2(1) =0.03,P=0.87;n = WT: 6 rats/300 cells, Frmrl " 6 rats/268
cells). g Degree of HD tuning in PoSub cell tuning curves is preserved between two
halves of an exploration epoch, indicating stable tuning fidelity (WT, r = 0.94,

n =398 cells, P=10""%, Fmr1 ™, r=0.95, P = 10~'%). Blue lines indicate linear fits.
h Top, examples of HD tuning curves for two halves of a recording epoch and
associated tuning cross-correlograms, showing considerable drift in a PoSub cell

Time (min)

from an Fmrl ™ rat but stable firing direction for a PoSub cell in a WT rat. Dashed
lines indicate the angular offset of maximum tuning curve correlation. Bottom,
overall distribution tuning curve offsets between two halves of the exploration epoch
for all cells as well as animal averages (angular offset between tuning curves, LME,
likelihood-ratio y” test (two-sided): genotype effect, f = 0.53, 95% CI = [0.08, 0.97],
(1) =4.48, P=0.034; n = WT: 6 rats/398 cells, Fmrl~™: 6 rats/339 cells). i Example
real and decoded HD during a single recording session in WT and Fmrl ™ rats, as
well as the low-pass drift of the decoded HD with respect to the animal’s real HD.
j Adult Fmr1™” rats show increased drift of the HD signal within the recording
session (two-sided Student’s t-test on animal averages: mean drift, #(10) = 3.49,
P=0.006, 95% CI = [8.75, 39.7]; SD drift, #(10) = 2.89, P =0.016, 95% CI = [3.89,
30.0]). Dashed lines on histograms are population medians; horizontal lines on
animal average panels indicate means of animal averages. * P < 0.05, ** P < 0.01. n.s.
not significant.

decoded as a latent variable during sleep”****’. The tuning of individual
HD cells is expected to depend on the effective connectivity within this
circuit. Thus, one possibility is that the sharper cortical HD tuning observed
in juvenile Frmr1 " rats reflects altered connectivity or excitability within the
upstream DTN-LMN circuit. Since DTN receives strong vestibular inputs
conveying angular head velocity, one would predict accompanying changes
in HD dynamics under conditions in which visual landmarks are removed,
such as darkness, as well as possible changes in vestibular-dependent
behaviours. Future experiments combining HD recordings with

behavioural assays will be needed to determine whether the sharpened
juvenile HD signal reflects improved or maladaptive circuit function.

An alternative possibility is that altered visual processing contributes to
the juvenile phenotype. Although altered visual processing has, to our
knowledge, not been directly characterized in Fmr1 N rats, studies in Fmrl™
" mice show altered visual cortical function, including enhanced responses to
low-intensity stimuli (Yang et al., 2022), degraded orientation tuning in
primary visual cortex (Goel et al., 2018), and impairments in visual dis-
crimination and other visually guided behaviours (Goel et al, 2018;
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rats, P= 5.5 x 10, 95% CI = [0.65, 0.84]; Fmr1™: t(5) = 6.50, n = 6 rats, P = 0.0012,
95% CI =[0.35, 0.81]). f HD tuning in PoSub cells is preserved in the tuning curves
reconstructed from population activity during WAKE (two-sided Student’s ¢-test on
animal averages, WT, r=0.99, n = 397 cells, P=10""% Fmrl ", n =339 cells,
r=0.96, P=10"""). Blue lines indicate linear fits. g Overall distribution (left) and
animal averages (right) of HD info indicate WT-like HD tuning in adult Fmr1 ? rats
when measured independently of any reference frames (LME, likelihood-ratio y” test
(two-sided): no genotype effect, f =0.01, 95% CI = [—0.31, 0.34], x*(1) = 0.006,
P=0.94; n = WT: 6 rats/397 cells, Fmrl™": 6 rats/339 cells). Dashed lines on histo-
grams are population medians; horizontal lines on animal average panels indicate
means of animal averages. ** P < 0.01, **** P < 0.0001. n.s. not significant.

WT  Fmr1?”

Felgerolle et al., 2019). However, the sharper HD tuning observed in juvenile
Fmr1™" rats was also present when tuning was reconstructed from internally
generated population activity during REM sleep, when ongoing visual
sampling of the environment is absent. This makes it unlikely that the
enhanced intrinsic HD tuning is simply a by-product of real-time altered
visual input during exploration. Nevertheless, altered visual processing

earlier in development may still have initiated downstream adaptations that
affected PoSub function by the fourth postnatal week.

A related but distinct phenotype was the altered stability of the HD
signal relative to the allocentric reference frame: juvenile Fmrl™” rats
showed reduced drift of the HD signal with respect to the environment,
whereas adult FmrI™” rats showed increased drift despite intact intrinsic
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Fig. 6 | PoSub cells in adult Fmr1 ™" rats show WT-like tuning to the internally
generated HD signal during REM sleep. a, b Examples of internal HD (top)
decoded from Isomap projections (bottom left) of PoSub spiking activity (middle)
during REM sleep from the same recording session as in Fig. 5a-d. HD tuning curves
(bottom right) can be reliably reconstructed from the REM sleep activity (Manifold-
REM). ¢ Adult FmrI™” rats have REM episodes of WT-like duration (LME,
likelihood-ratio y” test (two-sided): no genotype effect, § = —0.01, 95% CI = [—0.33,
0.36], ¥*(1) = 0.007, P = 0.94; n = WT: 6 rats/23 episodes, FmrI ™" 6 rats / 29 epi-
sodes). d Magnitude of HD tuning in PoSub cells is preserved in the manifold REM

tuning curves in both genotypes (WT, r = 0.83, n = 367 cells, P= 10°"; Fmr1™”,
r=0.84, n =333 cells, P = 10*). Blue lines, linear fits. e Overall distribution (left)
and animal averages (right) of HD info indicate WT-like HD tuning to internally
generated activity during REM in adult FmrI ™ rats (LME, likelihood-ratio x* test
(two-sided): no genotype effect, f = —0.03, 95% CI = [—0.38, 0.32], x*(1) = 0.028,
P=0.87; n=WT: 6 rats/367 cells, Fmrl": 6 rats/333 cells). Dashed lines on histo-
grams, population medians; horizontal lines on animal average panels, means of
animal averages. n.s. not significant.

HD tuning. This dissociation suggests that intrinsic HD tuning and align-
ment to the external world can be altered independently, which is consistent
with previous work showing that a coherent internal HD signal can persist
even when it is not correctly anchored to the allocentric reference frame. For
example, an internally organized but weakly anchored HD signal is present
in very young rats before eye opening’’, and adult rodents show detachment
of the HD signal from the external world when visual inputs are
compromised”. In young rats, anchoring can be improved by providing
somatosensory information through environmental borders, indicating that
mapping the internal HD signal onto the external world is a multisensory
process.

Anchoring of the HD signal is exceptionally stable in adulthood, with
the specific mapping between the HD signal and the external environment
persisting for weeks even after a single exposure”. The anchoring
mechanism is likely to involve PoSub™*. Vision is the primary modality for
this process—anchoring of the HD signal is strongly controlled by visual

landmarks™* and visual landmark stimuli are known to refine the HD
coding in PoSub*. The directional information about stable visual land-
marks may reach PoSub either directly from the visual cortex, area 29¢”, or
via prominent inputs from the retrosplenial cortex, where the activity of a
fraction of neurons is selective for visual landmarks™*”. Our observations of
altered allocentric stability of the HD signal in Fmrl " rats are consistent
with altered processing in the pathway that conveys the visual information
to the HD circuit, perhaps through altered visual gain control. However, a
limitation of the present study is that differences in anchoring to the allo-
centric reference frame were inferred indirectly. Specifically, we quantified
drift of the HD signal with respect to the recording environment and
compared conventional HD tuning curves with tuning reconstructed from
the intrinsic population manifold. These analyses distinguish intrinsic HD
tuning from stability relative to the external frame, but they do not identify
the specific external cues or internal sensory circuits controlling that
stability.
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An alternative interpretation is that the increased allocentric stability
observed in juvenile FmrI ™ rats does not necessarily reflect functionally
superior anchoring, Instead, it may reflect a more rigid coupling of the HD
signal to the current environmental reference frame, or reduced flexibility in
updating the HD representation when external cues change. This inter-
pretation is consistent with behavioural rigidity often observed in
autism®*. Because the visual landmark was held constant, the present
experiments cannot determine whether reduced drift in juvenile Fmr1 ™"
rats reflects stronger adaptive anchoring or excessive rigidity. Future
experiments using cue rotation, cue removal, darkness, or visual-vestibular
conflict will be needed to test whether the juvenile phenotype reflects flexible
stabilization of the HD signal or reduced responsiveness to changing
external cues. Although our wake analyses were restricted to periods in
which animals were actively moving, and we observed no clear genotype
differences in linear or angular head velocity, animal-level relationships
between these movement measures and HD tuning or drift were necessarily
imprecise given the sample size. Behavioural variation therefore cannot be
excluded as a contributing factor, although the persistence of sharper
intrinsic HD tuning during REM sleep, when animals were immobile and
not sampling the environment, indicates that waking movement statistics
are unlikely to fully explain the juvenile HD tuning phenotype.

The systems-level phenotypes reported here must ultimately reflect
changes in the cellular and synaptic properties of the HD circuit or of its
sensory inputs. In FXS, loss of the FMRI gene prevents expression of fragile
X messenger ribonucleoprotein (FMRP), an RNA-binding protein that
regulates local protein synthesis and multiple aspects of neuronal function.
However, the relationship between loss of FMRP and circuit-level function
is unlikely to be simple or linear. In particular, the altered HD tuning and
anchoring observed in Fmrl™ rats may not reflect direct consequences of
FMRP loss in PoSub or upstream HD regions alone, but may instead arise
from developmental adaptations to earlier cellular or synaptic disturbances.
For example, the hyperexcitability seen in the Fmr1~ CA1 cells is associated
with reduced functional inputs from the entorhinal cortex, meaning that it
may result from adaptive or homeostatic regulation induced by reduced
functional synaptic connectivity”. Using ex vivo electrophysiology and
computational modelling, it was shown that an increased excitation/inhi-
bition ratio in the Fmrl™” mouse somatosensory cortex does not lead to
changed firing rates downstream, because altered excitatory and inhibitory
synaptic conductances counteract each other®. The result in vivo is a largely
normal sensory tuning with a mildly blurred whisker map, suggesting that
some of the changes in excitability seen in the animal models of FXS may be
tuned to counterbalance the direct effects of the mutation and preserve
network output.

This compensatory interpretation is also supported by evidence that
some Fmr1™” phenotypes emerge only later in development, rather than
being present from the earliest stages of circuit function'**". In support of the
possibility of hyperexcitability arising secondary to previous phenotypes, in
Fmr1™” rats before eye-opening, visual cortical neurons have reduced spike
rates, indicating hypoexcitability”. After the fourth postnatal week, mild
hyperexcitability emerges as both an increase in both visually-evoked
spiking™ and high-frequency oscillations in the visual cortex during rest®.
This may also explain why cellular and neuronal hyperexcitability is not
found in every brain region and cell type, as each one may develop com-
pensatory changes differently. This may be tied to the phenomenon of
developmental regression, sometimes observed in children with autism,
where already acquired skills are lost, usually around the 2nd and 3rd year of
life””. The deficient anchoring of the HD signal to the external world,
reported here, was only observed in adulthood, and therefore may arise as
imperfect homeostatic adaptations to a lack of FMRP.

A distinct possibility is that the effects observed in this study are not
solely due to altered cellular or synaptic properties within the HD circuit, but
are partly mediated by broader differences in emotional or attentional
regulation. Such an interpretation would be consistent with observations in
people with FXS (Munir, Cornish and Wilding, 2000; Cohen et al., 2015) as
well as reports of altered stress reactivity, arousal, and attentional

engagement in Fmrl-knockout mice (Moon et al., 2006, 2008; Qin et al,,
2011). Differences in these state-dependent variables could affect neural
information processing through modulatory influences, producing changes
in HD activity that are not specific to the HD circuit itself. Although our
analyses of wakefulness epochs were limited to the times when animals were
actively ambulating, we did not observe gross behavioural differences in
linear or angular head velocity between genotypes, these measures provide
only indirect evidence about internal behavioural state, and the present
study was not designed to assess this possibility directly.

Finally, one of our incidental findings was that juvenile Frmrl™ rats
have more fragmented REM sleep. Juvenile rats have longer REM bouts
compared to adults” and REM sleep is associated with learning” and may
direct the course of brain maturation through the control of neural activity®.
In the cortex, REM sleep is responsible for crucial developmental processes
such as pruning and strengthening dendritic spines appropriately”’, and
experimental suppression of REM sleep alters behavioural, anatomical, and
biochemical development™’"”%, Sleep disruption has also been observed in
Fmrl™ mice, with studies reporting reduced sleep duration in adult
animals”%. This mouse phenotype appears to exhibit a developmental
profile, with normal sleep duration at P21 but reduced sleep duration in
adulthood”. In contrast, in the present study juvenile Fmr1™ rats showed
shorter REM bouts, while adult Fimr1~” rats showed REM episode durations
comparable to WT animals. Thus, rather than pointing to a uniform sleep
deficit across development, these findings suggest that sleep phenotypes in
EXS models are developmentally regulated and may manifest differently
depending on age, species and the specific aspect of sleep architecture being
measured.

Still, the finding of shorter REM bouts in juvenile Fmrl™ rats is
consistent with studies in human children with FXS, reporting disrupted
sleep microstructure, less time in REM sleep, and frequent night
awakenings”, while more problematic health or behavioural characteristics
were associated with higher likelihood of sleep problems™. Thus, a more
fragmented sleep with shorter REM bouts, especially during development,
can be both an effect of lack of FMRP and a cause for some of the intellectual
disability-related phenotypes observed in Fmrl knockout animals and
individuals with FXS.

Conclusions

In summary, in the current study we have shown that the head direction
system is altered in Fmr1 " rats. The nature of this alteration suggests an
apparent early gain-of-function followed by a decline. This pattern is
intriguing as it echoes developmental regression, in which children with FXS
and other neurodevelopmental conditions may acquire certain cognitive
skills early in life but later lose them. Additionally, while our focus here has
been on the head direction cell system because of its tractability, the current
results may imply alterations in other spatial representations in the brain, for
example those provided by place cells and grid cells, which likewise provide
internal representations of space that are anchored to external landmarks.

Methods

Animals

All experimental procedures were carried out under a UK Home Office
project licence (PP5496934), approved by the Animal Welfare and Ethical
Review Board of the University of Edinburgh, and conformed with the UK
Animals (Scientific Procedures) Act 1986. Long-Evans male FmrI™ and
WT rat littermates were bred in-house by crossing WT sires with FmrI-
heterozygous dams. The original null mutants were generated using zinc
finger nucleases targeting Fmrl exon 1 with a construct containing the
sequence coding for eGFP. The Fmr1~” males from the resulting line do not
express either FMRP or eGFP, as described by ref. 4. The rats used for the
current experiments were bred in-house and were housed with their parents
and siblings up until weaning (P21). After weaning, animals were housed in
mixed genotype littermate cages. They were kept on a 12 h/12 h light/dark
cycle (lights on at 7am) and fed ad libitum on standard laboratory chow,
with supplementation of water-soaked breeding chow after the surgery.
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Twenty-four hours after the end of the surgery, adult rats were placed on
mild food restriction to encourage foraging, with their body weight not
falling below 90% of their free feeding weight. Experiments in juvenile and
adult rats were performed sequentially. Animals in both cohorts were bred
from the same in-house colony, but juvenile and adult recordings were
obtained from different litters. Within each litter, rats were randomly
allocated to the experiment. Experimenters were blind to the genotype of the
animals throughout experiments, including surgery, recordings, and pre-
processing, and were unblinded for data analysis.

Surgery

Rats were anaesthetised using 1.5-3.5% isoflurane, while the animal’s
respiratory rate and heart rate were monitored using a PhysioSuite (Kent
Scientific) and their body temperature was maintained at 37° using a
homeothermic blanket system (Harvard Apparatus). 0.08 ml per kg body-
weight of Rimadyl (50 mg/ml carprofen) was administered subcutaneously
shortly after induction of anaesthesia. To secure the headcap and implant on
the head, the skull was covered with dental adhesive (Optibond Universal).
In adults, this was supplemented with three to five self-tapping jeweller’s
screws. A silver ground wire was placed through the craniotomy directly
above the cerebellum in juveniles or attached to one of the skull screws
placed above the cerebellum in adult rats. A craniotomy was drilled over the
left PoSub, and a silicon probe (Cambridge Neurotech, models H5, H6b, or
H?7) was lowered into the brain, slightly above the target area (juveniles, from
Bregma: anterior-posterior (AP), —6.30 mm; medial-lateral (ML), 3.10 mmy;
dorsal-ventral (DV), —1.60 mm; adults, from Bregma: AP, —7.64 mm; ML,
3.30 mm; DV, —1.70 mm). The silicon probe was mounted on a drive
(3DNeuro or made in-house), secured onto the skull’s surface using dental
acrylic. After surgery, the animals were allowed to recover on a heated bench
(30 °C) for at least one hour and returned to the animal house for at least
24 h before recording. Juvenile rats were single housed after surgery and
adults were single-housed or housed with a sibling in a cage with a divider
separating them. Juvenile rats were implanted between P20 and P23 and
adult rats were at least 7 weeks old at the time of implantation.

Behavioural protocol and electrophysiological recording

The probes were initially implanted in the white matter above PoSub and
were subsequently advanced slowly into PoSub (speed: 0.28 mm/h in
0.035 mm increments) 24-48 h after implantation. The tissue was allowed
to settle for at least 3h before recordings commenced. The recording
environment consisted of a blue plastic cylindrical arena of 73 cm diameter,
with 54 cm tall walls. A prominent visual cue card with vertical black and
white stripes was positioned near the top of the wall. The rat was taken
within the curtains surrounding the recording enclosure, plugged in and
placed within the cylindrical arena from the side opposite to the visual cue
and facing the cue itself. Cereals were then scattered on the floor and the rat
was left to forage and explore for 20 min. After that, the rat was given a 90-
min sleep opportunity in an opaque container placed inside the recording
arena, during which recordings continued. The arena was swept and cleaned
with chlorhexidine (Vetasept) spray between the exploration and sleep
sessions.

For recording, the implanted silicon probe was connected to a head-
stage (RHD, Intan technologies). The headstage was connected to an Intan
RHD standard SPI cable, which was connected to a 3D-printed commutator
in the ceiling (custom-made in house). Signal was acquired at 30 kHz with
an OpenEphys data acquisition system. For tracking the rat’s position and
HD, a red and a green marker were attached on the right and left of the
headstage. Video capturing and marker tracking were performed using
Bonsai software’” at 40 Hz. For the juvenile recordings, video images were
acquired through a Logitech C930e camera. To synchronise the image with
the electrophysiology data, an Arduino microcontroller was programmed to
send a random sequence of pulses to both the OpenEphys system and a LED
light within the frame of the camera. The times when the LED light was on
were detected by Bonsai and synchronisation of the pulses in the light and
the electrophysiology data was done oftline. For the adult recordings, images

were acquired through an acA1300-75gc Basler camera with a LMVZ4411
Kowa lens, positioned at the ceiling of the rig. This camera was connected to
the OpenEphys board, sending a TTL pulse for each frame taken, allowing
the synchronisation of the two streams of information.

Perfusion and probe recovery

After the end of data gathering, the rats were anaesthetised with 5% iso-
flurane and injected intraperitoneally with a lethal dose of pentobarbitone
(=1 ml for adults and > 0.3 ml for juvenile rats). After their reflexes were
gone, they underwent transcardial perfusion first with 0.9% saline, and then
with 4% formalin or paraformaldehyde solution. The rat was then decapi-
tated and the brain extracted. The probe and drive complex was carefully
recovered from the headcap. After recovery, the probe was dipped in and out
of a 1:5 solution of Contrad 70 liquid detergent in distilled water heated to
roughly 60 °C for 5 minutes, twice. After that, the probe was left to soak in a
1-2% fresh solution of tergazyme detergent, and finally another round of
dips in warm Contrad was performed. The probe was then rinsed with
distilled water, and channel impedances were measured in 0.9% saline using
the OpenEphys system. If the recording quality of the previous rat was good
and the impedance values were satisfactory (most channels <0.5 MOhm),
the probe was reimplanted in the next rat.

Behavioural analysis

Animal’s HD was calculated from the relative x—y positions of the two
headstage markers using the four-quadrant inverse tangent function, cor-
rected by a constant offset between the lateral headstage axis into the ani-
mal’s forward-facing direction. Animal’s position was defined as the average
x-y position of the two headstage markers. Linear velocity was calculated as
the frame-to-frame Euclidean displacement of the tracked position divided
by the inter-frame interval, and was smoothed with a 0.25 s moving average
window. Angular head velocity (AHV) was calculated from the frame-to-
frame circular difference in HD, divided by the median inter-frame interval
and converted to degrees/s. For each recording epoch, mean linear velocity
and mean absolute AHV were calculated during active exploration epochs,
and values were then averaged across recordings. The egocentric cue bearing
was computed by subtracting the animal’s HD from the allocentric angle to
the visual cue. Epochs in which the animal was facing the cue were defined as
periods when the absolute egocentric cue bearing was within 90°, whereas
epochs facing away from the cue were defined as periods when the absolute
egocentric cue angle was greater than 90°.

Spike sorting and cell classification

Spikes were first split automatically into clusters using Kilosort 2.0 (Pachi-
tariu et al., 2016). Manual curation was performed while visualising the
automatically created clusters on Klusters software. At this stage, any cluster
without a clear waveform and clear dip in the spike train autocorrelogram at
the 0-1 ms time bin was classified as noise and cluster pairs with similar
waveforms and a clear dip in their spike train cross-correlograms at the
0-1 ms time bin were merged. Viable units were first identified as units that
had a waveform with negative deflection (criterion aiming to exclude spikes
from fibers of passage). Next, a cluster contamination score was computed
from the spike autocorrelograms, as a ratio of the amplitudes of the 0-1 ms
bin and the maximum amplitude within 0-100 ms. Units with cluster
contamination scores below 0.5 were excluded from the analysis. Next,
putative excitatory cells were classified on the basis of trough-to-peak
duration of their average waveforms. The threshold for classification was
based on the trough of the bimodal distribution of trough-to-peak durations
and was set at 0.5 ms for juvenile rats and 0.4 ms for adult rats. Finally, for
each analysis, units with less than 100 spikes fired within the analyzed epoch
were excluded.

HD tuning curves

The animal’s HD was calculated based on the line perpendicular to the line
connecting the red and green markers attached to the headcap. Periods with
more than 1 s without viable tracking data were excluded from the analysis.
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HD tuning curves were then computed as the mean firing rate of the cell in
each angular bin. Tuning curves were calculated in bins of 1° (spikes/time)
and smoothed with a Gaussian kernel of 6° SD. For Isomap analyses, tuning
curves were computed in 6° bins (with 12° SD Gaussian kernel) to account
for the relatively short duration of REM sleep episodes in adult rats. Speed
was computed as the difference in the animal’s position at successive time
points and was smoothed with a moving average window of 0.25s. HD
tuning curves were computed from epochs when the animal’s speed
exceeded 1.5 cm/s.

Half-width of the HD tuning curves was computed by first finding the
bin with the highest firing rate, and then averaging the two sides of the
tuning curve. Half-width was then defined as twice the angular distance
between the maximal firing rate and the half-maximal firing rate of the
resulting half of the tuning curve. Cells without a clearly defined bump in
their tuning curves (tuning curve width > 120° were excluded from analyses
of tuning width. HD information contained in the tuning curves calculated
for N angular bins as:

M6,
I= Z M©))log, (A )
i=1.N

p(©))

where 1(8;) is the firing rate of the cell for the ith angular bin and 1 is the
average firing rate of the neuron during exploration. We used uniform
occupancy p(6;) to be able to compare tuning curve shapes irrespective of
behavioural differences.

HD tuning curve cross-correlograms were obtained by computing
Pearson’s correlation coefficients between the reference tuning curve vector
and the second tuning curve vector (from either the same or another cell),
which was circularly shifted by 1 to maximum number of bins. Difference in
HD information between tuning curves computed using different epochs
was calculated as normalized difference between two scores, using the for-
mula (HDinfoepoch, —HDInfo epocn)/(HDINfO ¢pochz + HDInfo epocni)-

Bayesian decoding and drift estimation

To estimate the degree of drift of the internal HD with respect to the
allocentric reference frame, excitatory cell spike times were binned into
population vectors (200 ms window, smoothed in 400 ms SD Gaussian
windows). Based on cells’ tuning curves from the baseline period (first half of
a recording epoch), the population vectors were converted into a Bayesian
probabilistic map under the hypothesis that HD cells fire as a Poisson
process’’. The instantaneous internal HDs were taken as the maxima of
these probabilistic maps. The degree of drift of the HD signal was calculated
as the decoder error: angular difference between the real HD and the
decoded HD at each time bin. To obtain the slow drift signal, decoder error
was denoised with a Hampel filter (5 s window, 1 SD) and then smoothed
with a 0.8 s SD Gaussian window. The mean and SD of the decoding error
was calculated from the second half of the recording session, restricted to
times in which the animal’s velocity exceeded 1.5 cm/s. Recording sessions
with less than 6 putative excitatory cells that fired more than 100 spikes
(n =1 session) were excluded from this analysis.

Classification of sleep states

The wide-band signal was downsampled to 1.25 kHz and used as the local
field potential (LFP) signal. Sleep scoring was performed using the auto-
mated SleepScoreMaster algorithm and TheStateEditor software (Buzsaki
laboratory, https://github.com/buzsakilab)™®. Briefly, the algorithm selec-
ted channels with strongest overall slow-wave activity (slope of the power
spectrum between 4 and 90 Hz) and theta power (5-10 Hz) above the
aperiodic component. It then computed slow-wave activity and theta-band
power in a sliding window (2 s width, 50% overlap). Additionally, pseudo-
electromyograph was computed by selecting four approximately equally
spaced usable channels per shank, band-pass filtering the LFP signal
(300-600 Hz) and computing the mean pairwise correlation between
filtered.

Sleep states were then classified using a rule-based approach, with
NREM identified by high slow-wave activity, REM by high theta activity
during periods of low movement outside NREM, and all remaining periods
classified as wakefulness. Thresholds for each feature were determined
automatically as the minimum between the two dominant modes of the
feature’s histogram. All automatically scored recordings were subsequently
inspected manually using TheStateEditor to verify the accuracy of state
classification.

Visualization and analysis of the population manifold

For visualization and analysis of the PoSub population manifold, cell spike
times from the whole epoch were binned into population vectors in 200 ms
bins, smoothed with a Gaussian kernel of 400 ms SD, and square-root
transformed. The resulting binned firing rates were z-scored in the time
domain, and each population vector was normalized by dividing it by its L2
norm. Population vectors were restricted to epochs in which the animal’s
velocity exceeded 1.5 cm/s in juvenile rats or 3 cm/s in adult rats, and were
then input into the Isometric Feature Mapping (Isomap) algorithm
implemented in the Matlab Toolbox for Dimensionality Reduction (version
0.8.1b, https://lvdmaaten.github.io/drtoolbox/). The parameters were set to
25 nearest neighbours and 2 dimensions. Recording sessions with fewer
than 6 putative excitatory cells that fired more than 100 spikes were excluded
from this analysis.

This analysis was used to estimate the internally generated HD state
from the geometry of population activity. Because HD population activity is
organized as a ring, population vectors corresponding to similar internal
HD states are expected to lie near one another on the manifold, whereas
different internal HD states occupy different angular positions around the
ring. Manifold HD at each time bin was therefore calculated as the four-
quadrant arctangent of the two Isomap dimensions, yielding an angular
coordinate ranging from —180° to 180°.

The manifold HD generated this way has arbitrary directionality,
clockwise or anticlockwise, and an arbitrary point of origin. To align the
manifold HD obtained during wakefulness with real HD, manifold direc-
tionality was first established by computing the correlation between
unwrapped real and manifold HD values and multiplying the manifold HD
values by —1 if the correlation was negative. Manifold HD was then aligned
to real HD by computing the manifold offset as the circular mean of the
difference between real and manifold HD, and circularly shifting all
manifold HD values by this offset value. The alignment score was computed
as the Rayleigh vector length of all offset values after alignment.

Manifold tuning curves were computed as the ratio between histo-
grams of spike count and total time spent in each internal HD bin, using 6°
bins, and were smoothed with a Gaussian kernel of 12° SD. These tuning
curves estimate how sharply each cell was tuned to the internal HD state
inferred from population activity. In contrast, conventional real HD tuning
curves estimate tuning relative to the animal’s measured HD in the external
environment. Real HD tuning curves used for comparison with manifold
tuning curves were computed by downsampling real HD into 200 ms bins
and applying the same procedure as above.

Statistics and reproducibility

All analyses were conducted using Matlab R2020b (Mathworks) with
TStoolbox (https://github.com/PeyracheLab/TStoolbox) and Circular Sta-
tistics Toolbox version 1.2167°". Statistical comparisons of individual cell
data were performed using a generalized linear mixed model (GLMM)
approach® in order to take into account the hierarchy of dependency in our
data sets (genotypes-rats-neurons) and account for random effects. Statis-
tical modelling routines for the LME models were written and run using
RStudio 2023.12 (RStudio Team). Depending on the data distribution
(normal, lognormal or gamma), linear mixed models or GLMMs were fitted
to single unit data metrics using the R package Ime4 v1.1-17. Animal and
cell identity were included in models as random effects, and genotypes and
age cohort (where appropriate) were included as fixed effects. Where rele-
vant, models additionally included angular head velocity, linear velocity, and
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percentage time facing the cue as fixed-effect covariates. The p-values
reported in the context of LMEs are given by likelihood ratio tests between a
model containing the variable or interaction in question and a model
without that variable or interaction (a reduced/null model). As an additional
sensitivity analysis, statistically significant LME effects were also examined
using non-parametric tests on cell-level values. These tests led to the same
qualitative conclusions.

Statistical comparisons on animal averages (where stated) were per-
formed with independent or paired Student’s t-tests. All statistical tests were
two-tailed. No statistical methods were used to pre-determine sample sizes,
but our sample sizes are similar to those reported in previous publications.

Statistical analyses were based on planned comparisons targeting two
main properties of the HD representation: tuning precision and drift relative
to the external reference frame. HD information and tuning curve offset
were used as primary measures, with tuning width, resultant vector length,
decoding drift, and manifold-derived tuning used as complementary
readouts. Because these measures addressed predefined questions rather
than independent exploratory tests, no single correction was applied across
all comparisons. Exact p-values, effect estimates, confidence intervals, and
sample sizes are reported throughout.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data used in this study, including extracellular electrophysiological
recordings from the postsubiculum (spike times, spike waveforms and local
field potentials), behavioural tracking data (position and head direction)
and sleep state annotations are publicly available in the DANDI Archive®’
under Dandiset ID 001699 at https://dandiarchive.org/dandiset/001699
with https://doi.org/10.48324/dandi.001699/0.260917.2322. The source
data for the main figures is in Supplementary Data 1.

Code availability
The code generated is available at the following address: https://doi.org/10.

6084/m9 figshare.33943282.
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