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Abstract

Locomotor speed is a basic input used to calculate one’s position, but where this signal comes
from is unclear. We identified neurons in the supramammillary nucleus (SuM) of the rodent
hypothalamus that were highly correlated to future locomotor speed and reliably drove locomation
when activated. Robust locomotion control was specifically identified in Tacl (substance P)-
expressing neurons (SuMT2¢1%) whose activation selectively controlled the activity of speed-
modulated hippocampal neurons. In contrast, SuM a1~ cells weakly regulated locomotion, but

"Corresponding author. jsfarrel@stanford.edu.

Author contributions:

Conceptualization: JSF, 1S

Methodology: BA, MO, GS

Investigation: JSF ML-B, PMK, FTS, TG, AO, SB

Formal Analysis: JSF ML-B, PMK, FTS, TG, ST, MO, EH, BD
Funding acquisition: MJS, KD, AL, IS

Supervision: MJS, KD, AL, IS

Writing — original draft: JSF, IS

Writing — review & editing: All authors

Competing interests: M.J.S. is a scientific co-founder of Inscopix. GRIN lenses used in this studied were purchased from Inscopix

Data and materials availability: Code used in this manuscript came from publicly available resources referenced in the Material and
Methods. Parts of the raw datasets and additional custom code are openly available at solteszlab.com/datasets and will continue to be
formatted and uploaded.


https://solteszlab.com/datasets

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Farrell et al. Page 2

potently controlled the spike-timing of hippocampal neurons and were sufficient to entrain local
network oscillations. These findings highlight that the SuM not only regulates basic locomotor
activity but also selectively shapes hippocampal neural activity in a manner that may support
spatial navigation.

One-Sentence Summary:

Dissociated hypothalamic cell-types differentially drive locomotion and hippocampal cellular and
network-level activity patterns.

Constructing and accessing a mental map of the environment during locomotion is an
important adaptation facilitating survival and is supported by tracking self-motion (1).
Mammalian locomotion is intimately tied to the occurrence of 6-12Hz hippocampal theta
oscillations, such that theta begins prior to the onset of self-generated motion and increases
in amplitude with respect to speed (2-6). Hippocampal theta temporally organizes the
activity of place-coding neuronal assemblies into trajectories across past, present, and
future locations, which is thought to subserve cognitive operations during spatial navigation
(5-10). Tight coupling of theta to speed could be the result of shared neural circuitry
between self-generated locomotion and theta control, providing a potential speed signal (1).
Alternatively, speed could be derived from optic flow, vestibular input, or an efference copy
from locomotor areas (Z.Z-14). Since the identification of speed-encoding neurons in brain
areas like the hippocampus and entorhinal cortex that are thought to utilize a speed signal to
calculate position (3,15-18), there is growing interest in understanding potential sources of
speed input.

The medial septum is critical for hippocampal theta and is functionally coupled to
locomation (3, 19-21), but other brain areas have been proposed to contribute to

this oscillation. One such area is the supramammillary nucleus (SuM) of the posterior
hypothalamus (22-24), which also has recently identified roles in arousal (25), spike-timing
coordination (26), and identification of novelty (27). As a proposed theta controller,

neural activity in the SuM is likely also related to locomotion, but this has not been
systematically investigated. In addition to innervating the medial septum, the SuM has
highly divergent outputs targeting midbrain, where locomotor commands are integrated and
brain regions involved in spatial navigation, including the hippocampus, entorhinal cortex,
medial prefrontal cortex, nucleus reuniens, and claustrum (28). Thus, the SuM projects

to theta, locomotor, and spatial navigation circuitry, but the functional relevance of this
positioning remains poorly understood.

Using electrophysiological data from rats navigating a continuous alternation task for reward
(26), we first investigated how the spiking activity of SUM neurons relates to locomotor
speed and hippocampal theta oscillations (Fig. 1A). Similar to previous observations in the
midbrain locomotor region (MLR) (29), we found a large proportion of SuM units with
firing rates that were significantly coupled to locomotor speed with the majority displaying
a positive correlation (Fig. 1B,C; fig. S1A,C,D). Interestingly, SuM “speed cells” were more
correlated with future speed, with an average offset of 1.2 seconds, than real-time speed
(Fig. 1D, fig S1A,D). After adjusting for temporal offsets, the firing rate of 99% of SuM
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units were modulated by speed (fig. S1B). Most speed cells retained their correlation with
immobility data withheld (fig. S1E,F) and were more weakly coupled to acceleration than
speed (fig. S2). SUM unit activity was also correlated to hippocampal theta amplitude in
real-time, but this was less accurately modeled than speed (fig. S3). Thus, SuM activity and
locomotion are strongly coupled.

We then addressed whether speed-related neuronal activity is propagated to projection
targets, because not all locally recorded SuM units are necessarily projection neurons.

In vivo 2-photon calcium imaging of SuM axon terminals innervating the dentate gyrus
(DG) and CA2 of hippocampus was performed on head-fixed mice (fig. S4A). Indeed,
speed-correlated activity in SUM axons was observed in both regions (fig. S4B,C). Extensive
collateralization of SuM axons was also determined (fig. S5) and may contribute to the
similar proportion of positively and negatively correlated cells in both regions (fig. S4B).

Next, we examined the coupling between SuM action potentials and hippocampal theta
waves (Fig. 1E). 30.7% of units displayed high coherence with hippocampal theta and
theta-rhythmic spiking (Fig. 1F,G, see methods). SUM “theta cells” typically fired near the
trough of CAL theta with a slight prospective bias (fig. S6). Much like the overall SuM
population, most SuM theta cells were positively correlated with locomotor speed (Fig. 1H).

To test the functional involvement of the SuM in locomotion and theta, we injected the
SuM with recombinant adeno-associated virus (rAAV) to express the optogenetic proteins,
channelrhodopsin-2 (ChR2, excitatory) or halorhodopsin (HR, inhibitory), under control

of a pan-neuronal promoter (Fig. 2A,G). Light activation of ChR2 drove locomotion on
100% of trials with an average latency of 2.4+0.6 seconds in head-fixed mice (Fig. 2B—F).
Locomotion lagged behind an increase in theta amplitude (fig. S7), which is consistent with
prospective encoding of speed but real-time encoding of theta amplitude (Fig. 1D vs. fig.
S3A). The frequency of laser pulses reliably entrained hippocampal local field potential
(LFP) at 8 and 12 Hz (Fig. 2G,H), similar to previous optogenetic manipulations in the
medial septum (3,4,20,21). 94% of CA1 neurons were entrained by laser pulses, however,
the preferred firing phase shifted considerably from spontaneous theta (fig. S8). Optogenetic
inhibition with HR halted locomotion on 65.6+0.6 % of trials with a latency of 5.4+0.2
seconds (Fig. 2B—F). Consistent with previous studies (26,30), SuM inhibition did not alter
hippocampal theta during locomotion (Fig. 2G,H). Thus, optogenetic manipulation of the
SuM robustly and bidirectionally controls locomotion but does not inhibit spontaneous
hippocampal theta, despite robust spike and LFP entrainment with ChR2.

Considering the heterogeneity of SuM cell types (31), we then determined if locomotion
control and spike/LFP entrainment were cell-type dependent. A subset of SuUM neurons
express Substance P, encoded by the Tacl gene, and project to the hippocampus and
other regions (32). Using the Tac1-Cre mouse line, we targeted two mutually exclusive
populations. SuMTa1* neurons were labelled with a CreON rAAV, whereas a smaller
population of SuMTa1= projection neurons were labelled with an intersectional approach
using a CreOFF-FIpON rAAV (33), facilitated by a retrograde rAAV carrying Flp in

the medial septum (Fig. 3A,B). The axon outputs of both cell populations were similar,
innervating the known and expected SuM target regions (Fig. 3C; fig. S9). However,
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SuMTacl+ and SUMTaC1- cells had different intrinsic properties (fig. S10). Cell-types

were further differentiated by the non-uniform axon innervation pattern of the dentate
gyrus granule cell layer (fig. S11C) and increased vesicular GABA transporter content

of SuMTacl= cells (fig. S11A,B), consistent with previously identified GABA/glutamate co-
releasing SUuM cells (34). Functionally, SuM T+ cell stimulation robustly drove locomotion
on 100% of trials (Fig. 3D-G) but did not entrain hippocampal LFP (Fig. 3H). This
locomotion was relatively slow and steady with an alternating stepping pattern (movie

S1), consistent with exploratory locomotion and distinct from fight or flight responses

seen with stimulation of other hypothalamic areas (35). In contrast, activation of SuMTac1=
cells weakly controlled locomotion (Fig. 3D-G), but precisely controlled the frequency of
hippocampal LFP at 8 and 12 Hz (Fig. 3H).

Given the robust control of movement initiation by SuM™@1* neuron stimulation, we further
examined the role of this cell-type in locomotion. Using 2-photon calcium imaging in
head-fixed behaving mice, we observed a high proportion of SuMT1* cells whose activity
were positively correlated with speed and active prior to locomotion onset (fig. S12). Similar
results were obtained from Tac1+ cells in the ventral hypothalamus of zebrafish during
swimming behavior, supporting evolutionary conservation of function (fig. S13). As with
broad SuM inhibition, selective optogenetic inhibition of SuM 1+ neurons also suppressed
locomotion in head-fixed mice (fig. S14). Finally, we examined potential SuM 21+ output
pathways that reach the MLR, where the coordination of locomotor input and gait selection
takes place (36). Using anterograde trans-synaptic tracing to label post-synaptic neurons
(37), we found that midbrain periaqueductal grey neurons that specifically receive SumTacl+
input, in turn, project to the MLR (fig. S15).

Finally, we determined how SuMTa1* and SuMTa¢1~ neurons alter firing rate and control
the spike-timing of hippocampal neurons. Given the tight coupling of SuM™1* cells to
locomotion, we hypothesized that spontaneously speed-correlated hippocampal neurons
would be particularly sensitive to SuMTa1* activation. On average, activation of both SuM
cell-types increased the firing rate of the hippocampal units during locomotion (Fig. 4B) and
resulted in similar proportions of units with significant firing rate alterations (Fig. 4A). The
effect of SUMTCL* put not SuM L= stimulation, was indeed correlated to the magnitude
of spontaneous speed-modulation, such that the firing rates of positively correlated speed
units increased, and negatively correlated cells decreased with optogenetic stimulation (Fig.
4B). We observed the opposite relationship with optogenetic inhibition of SuMT™cl+ cells
(fig. S14E). Hippocampal speed cell firing rates were then modelled from speed and laser
timing as inputs (Fig. 4C). Modeling firing rates during SuMTa1* stimulation produced
considerably less error than SuM a1~ stimulation when laser timing was withheld (Fig. 4C),
supporting that the effect of SuM ™1+ stimulation on locomotion and hippocampal speed
cell firing rates are coupled.

At a sub-second timescale, we also determined if hippocampal spike timing was altered
relative to each laser pulse. Because SuM ™1~ activation overrode spontaneous hippocampal
theta and entrained LFP, we hypothesized that spike-timing would be more affected by
activation of this cell-type. Indeed, SuM a1~ activation entrained spike-timing in more
units with a greater average effect (Fig. 4D,E). Moreover, SuM a1~ activation increased
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the firing rate of most units in close proximity to the termination of each light pulse,
whereas SuM a1+ activation had mixed responses (Fig. 4F, fig. S16). Unlike SuMTacl=
stimulation, the effect of SuM T+ stimulation depended on that unit’s speed correlation,
such that positively correlated hippocampal speed cells were more likely to fire shortly
after laser pulse onset and negatively correlated cells were suppressed (Fig. 4G). A
significant correlation between the magnitude of optogenetic entrainment and the magnitude
of spontaneous theta entrainment was observed for activation of both cell-types. In addition
to the greater overall optogenetic entrainment (Fig. 4E), SuMTac1- activation resulted in a
two-times greater slope of the optogenetic vs. spontaneous theta entrainment linear fit (Fig.
4H). Lastly, the preferred firing phase relative to hippocampal theta was more perturbed by
SuMTacl= cell activation (fig. S17).

The finding that SuM a1~ cells potently regulate hippocampal spike-timing and are
sufficient to entrain LFP is interesting in light of the lack of effect of SUM inhibition on
spontaneous hippocampal theta. However, others have reported no change in hippocampal
theta with SuM inhibition and lesions (26,30), despite remarkable effects with SuM
activation (31). Recent work demonstrated that a sub-population of SuM units increase
their activity under novel conditions (27). SuM cells from this previous study have

several characteristics that overlap with SuM ™1~ cells, including the non-uniform axonal
innervation pattern and mixed neurotransmitter phenotype in the dentate gyrus (34). In
another study, optogenetic inhibition of the SuM affected theta-range spike-timing in SuM-
connected structures, but only at the decision point of the maze (26). Thus, SuMTa1- cells
may be most influential to hippocampal network patterns in particularly salient situations,
with little contribution to mechanisms underlying spontaneous theta. Consistent with this
model, SuM a1~ activation caused a considerable shift in firing phase preferences from
spontaneously generated theta, highlighting potentially different underlying mechanisms for
SuMTacl-_eyoked vs. spontaneous theta.

These data also advance our understanding of the SuM’s in role in locomotion and identifies
a cell-type with functional properties relevant to spatial navigation. In addition to the tight
coupling of SuMTacl* activity to speed, we found that SuMTac1* activation robustly drove
locomotion while selectively regulating the activity of speed-sensitive hippocampal neurons.
These data raise the intriguing potential role for SuM '@+ neurons in distributing a speed
signal throughout its many axon-termination sites and complements recent work outlining

a pathway from the MLR to entorhinal cortex via the septum that relays speed (38). Given
that SuM T+ cells encode future speed, the SuM may provide its synaptic partners with
intended speed whereas executed speed is propagated from the MLR. Thus, the SuM may
support a role in planning and error correction during locomotion by broadcasting a future
speed signal.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. SuM representation of speed and hippocampal theta
A, Recording paradigm; data from using unrestrained rats (26), reanalyzed here for speed-

and theta-related investigations. B, Example SuM unit (recorded by tetrodes) that positively
correlates to speed (i.e. a speed cell). Inset represents these data as a scatter plot. C,
Distribution of speed vs. firing rate Pearson r values. Pie chart shows percentage of units
for positive (r=0.36+£0.023, meansem), negative (r=—0.24+0.024), and non-significant cells
(r=0.018+0.012). D, Distribution of temporal offsets for positive speed cells. sem=0.19.

E, Two example SuM unit spiking activities. Orange cell shows phase-locked firing with
respect to hippocampal theta whereas the grey cell does not. F, Quantification of theta-
related firing for two example units from £. The top panel shows spike-field coherence and
the bottom shows theta-rhythmic spiking. G, Units were clustered into theta cells based on
quantification from £ H, Distribution of speed scores among clustered “theta cells” from G.
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Fig. 2. Optogenetic SUM modulation controlslocomotion and hippocampal L FP
A, Pan-neuronal SuM activation with ChR2 (blue) or inhibition with HR (orange) in head-

fixed mice on a floating ball. B, Bidirectional locomotor effect with SuM activation (top)
and inhibition (bottom). Colored bars denote laser on. C, Percent of trials where locomotion
was initiated or halted for ChR2 (top) and HR (bottom). D, Latency of start vs. stop
response. E, Speed during locomotor epochs before (pre) and during (on) light delivery.
ChR2, ts=—-1.14, p=0.31; HR, t4=3.07, p=0.037. F, Percent of time spent locomoting before
(pre) and during (on) light delivery. ChR2, t5=—4.84, p=0.0047; HR, t,=4.60, p=0.010.

G, Top: optogenetic activation at 4, 8, or 12Hz compared to no laser control. Blue bars
denote laser on. Bottom: optogenetic inhibition (orange shading) vs. no laser control.
Scalebar applies across rows. H, Quantification of power spectrum changes normalized to
no laser. Top (ChR2): 4Hz power at 4Hz stimulation, t5=0.86, p=0.43; 8Hz power at 8Hz
stimulation, t5=5.18, p=0.0035; 12Hz power at 12Hz stimulation, t5=3.99, p=0.010. Bottom
(HR): t4=0.043, p=0.97. Data are meanzsem.

Science. Author manuscript; available in PMC 2022 May 31.

4 8 12

Frequency (Hz)



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Farrell et al.

A Selective Labeling
Tac1+ Labeling Tac1- Labeling
r CreOFF
CreON- reus ON-
8 Ms
SuM SuM

Tac1 Cre Mice

D Locomotion Control '\ E

YFP Tac1+ Tac1- 100
C o
£ 10§ ﬁ 0T
< |2 §550
35 \ ‘ J °2 |y
[} X

| (5 £
o 0 y I L 0l =
LFP
H iﬁl Hippocampal Theta Control
YFP - Laser

[J=stimulation Frequency 4812

Hippocampal LFP Frequency (Hz)
—=
o =
? >\«— P
=~ = Dj

g | WM:H

B ~avcreon  Neun 61.1+2.3%

AAV-CreOFF-FIpON

34.0 +

45+1
Unlabelled
AAV-CreON
AAV-CreOFF-FIpON

YFP Tac1+ Tac1-

i (ﬂ‘iajun‘

’:,\\ "

el
il

) ‘,i‘\‘

*

3.7%

3%

ke
*

C

*|
*|
*
*|
*|
*
*

I

4 812

L) P-o

Page 11
Axon Outputs
Vv
R w e
Semum@
N4
CLA
SuM
E 157 - = - G 1001 s s
K4 — =
o
510 58
- g£F50
Y s 3 o=
2 S
wn e - .

YFP Taci+ Tacl- YFP Tact+ Tact-

1 \

Jil ‘ { M
‘w* A ‘w),#‘h‘“ M,‘nJ XN“.‘L\\I

f

‘ \

SEp

EN
o]
=
N

Fig. 3. Cell-type-dependence of locomotion initiation and L FP entrainment
A, Labeling strategy to target mutually exclusive populations based on Tacl. B, Investigation

of labelling specificity. Left: Image showing AAV-labelled Tacl+ (CreON) and Tacl- cells
(CreOFF-FIpON) among other NeuN+ cells in the SuM. Right: quantification. C, Schematic
showing checkmarks of each color (cyan: SUMTa1*  red: SuMT17) jf axons were found in
SuM target regions (see fig. S9). D, Representative locomator activity during optogenetic
activation at 8Hz. E, Percent of trials with locomotion initiation. ANOVA F; 17=103.6,
p<0.0001, Tukey post-test. F, Locomotor speed before (left) vs. laser on (right). ANOVA
was performed to determine group differences on changes in speed (pre vs. on). Fy 15=7.2,
p=0.0064, Tukey post-test. G, Percent of time locomoting before (left) vs. laser on (right).
Differences in response change was assessed by ANOVA F 17=57.8, p<0.0001, Tukey
post-test. H, Optogenetic stimulation while head-fixed on floating ball at 4, 8, or 12 Hz.
Spectrogram (left) and power spectral density changes (right, off vs. on) for each condition
(columns) at each frequency (rows). Paired t-tests performed on light off vs. light on.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Fig. 4. Hippocampal populations are differentially regulated by SuM cell-types
A, Data were obtained from head-fixed mice on floating ball. Mean firing rate changes

from two example hippocampal cells during SuMTal* or SuMTacl= pptogenetic activation
(grey bar). Pie charts display proportion of units with significantly altered locomotor firing
rates. B, Locomotor firing rate change for light on vs. off (one-sample t-test, SuMTacl+
t105=2.56, p=0.012; SuM Tl t5,=3.28, p=0.0017; between sample t-test, t153=1.69, p=0.09)
and as a function of speed correlation (calculated while laser is off). Y-label applies to

all panels. C, Generalized linear model of hippocampal speed cell FR, with two sets of
input (speed only vs. speed + opto). Change in modelling accuracy when optogenetic
information was withheld (tgg=3.28, p=0.0015). D, Hippocampal spike raster plots with
histogram aligned to laser pulses (grey bar) during 8Hz stimulation. Pie charts show the
proportion of units with significantly laser-modulated spike distributions. E, Quantification
of non-uniform spike distributions from D. t-test t;57=7.39, p=6.8x1012. F, Smoothed spike
histograms of significantly laser-modulated cells. Thin lines are individual cells. Thick line
is mean. Pie chart shows the directionality of modulation. G, Laser pulse-triggered firing
rate change plotted against cells’ speed correlations (calculated while laser is off). H, Firing
rate modulation by spontaneous theta vs. optogenetic laser pulses. Lines in B, G and H
represent linear fits.
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