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In Brief
It is unknown how neural activity is
coordinated among lateral hypothalamic
area (LH) neurons, which generate
fundamental behavioral actions such as
attack and evasion. Burdakov and
Karnani show there is near-zero local
connectivity in the LH, suggesting that
incoming synaptic input is integrated
primarily within individual neurons.
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SUMMARY
The lateral hypothalamic area (LH) is a vital controller of arousal, feeding, and metabolism [1, 2], which inte-
grates external and internal sensory information. Whereas sensory and whole-body output properties of LH
cell populations have received much interest, their intrinsic synaptic organization has remained largely un-
studied. Local inhibitory and excitatory connections could help integrate and Þlter sensory information
and mutually inhibitory connections [3] could allow coordinating activity between LH cell types, some of
which have mutually exclusive behavioral effects, such as LH VGLUT2 and VGAT neurons [4Ð7] and orexin-
(ORX) and melanin-concentrating hormone (MCH) neurons [8Ð10]. However, classical Golgi staining studies
did not Þnd interneurons with locally ramifying axons in the LH [11, 12], and nearby subthalamic and thalamic
areas lack local synaptic connectivity [13, 14]. Studies with optogenetic circuit mapping within the LH have
demonstrated only a minority of connections when a large pool of presynaptic neurons was activated [15Ð19].
Because multiple patch clamp has not been used to study LH connectivity, aside from a limited dataset of
MCH neurons where no connections were discovered [15], we used quadruple whole-cell recordings to
screen connectivity within the LH with standard methodology we previously used in the neocortex [20Ð22].
Finding a lack of local connectivity, we used optogenetic circuit mapping to study the strength of LH opto-
genetic responses and network oscillations, which were consistent with ultra-sparse intrinsic connectivity
within the LH. These results suggest that input from other brain structures is decisive for selecting active pop-
ulations in the LH.
RESULTS

Ultra-sparse Connectivity with Multiple Patch-Clamp
Recordings
To begin looking for synaptic connectivity within the lateral hypo-
thalamic area (LH), we used standard methodology to cut brain
slices and obtain multiple simultaneous whole-cell patch-clamp
recordings in wild-type animals ( Figures 1A and 1B). We sequen-
tially imposed a 50-Hz train of 5 action potentials on each re-
corded neuron while monitoring membrane potential �uctua-
tions in the other neurons. Although this approach has
revealed synaptic connectivity in the neocortex [ 21, 22], we
found no connections in the LH (0 connected in 248 tested puta-
tive connections; Figure 1C).

Because it is possible that connectivity is speci�c to neuronal
subtypes, we used multiple transgenes to identify genetically
de�ned LH subpopulations in acute slices through �uorescent
protein expression. This approach (STAR Methods) allowed us
to target up to two identi�ed populations (e.g., orexin- [ORX]
and melanin-concentrating hormone [MCH] neurons labeled in
Current Biology 30, 4063–4070, Octob
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Figures 1D and 1E) as well as the non-marked (n.m.) neurons
outside these populations. With this approach, we also found
zero connectivity in all but one category (1/77 tested GAD65-
GFP/ VGLUT2 putative connections was connected) between
and within the cardinal LH populations orexin, MCH, VGLUT2,
GAD65-GFP, GAD65-cre, VGAT-cre, and n.m. neurons [2, 23].
Overall, 1 synaptic connection was found among 2,074 tested
(Figures 1F and 2A).

We took several measures to control for potential sources of
artifact in this important result. We veri�ed that slice geometry
is not a confounding factor by testing connections in horizontal
(0 connected in 74 tested), sagittal (0 connected in 50 tested),
and coronal slices (1 connected in 1,950 tested). Because the
distance from the slice surface can conceivably affect connectiv-
ity through limiting the available space where synapses might
have existed in the intact brain, we monitored the depths of re-
corded neurons (37.2 ± 22.5 mm, range 12–123 mm, n = 50).
These depths are within the reported range (5–130 mm) of reliable
connectivity measurements reported before [ 24]. Because pres-
ervation of connections can vary across individual slices, we
er 19, 2020 ª 2020 The Author(s). Published by Elsevier Inc. 4063
er the CC BY license (http://creativecommons.org/licenses/by/4.0/ ).
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Figure 1. Example Quadruple Whole-Cell Re-
cordings from LH Slices
(A) Schematic of recording location and �uores-
cence micrograph of a recording con�guration of
four unidenti�ed (n.m.) neurons in the LH.
(B) Membrane potential and �ring responses of
neurons shown in (A) to a � 30-pA (black) and 150-
pA (gray) current injection. Cells were held at
� 50 mV at baseline.
(C) Example connectivity recording of cells in (A) and
(B), with tested presynaptic cells �ring 5 action po-
tentials at 50 Hz (gray) and tested postsynaptic cells
showing lack of synaptic responses (black). Traces
are averages of 50 trials.
(D) Schematic of the labeling strategy for identifying
orexin and MCH neurons using three transgenes,
and �uorescence micrograph of an example
recording con�guration with two MCH cells and two
orexin cells.
(E) Neurons in (D) recorded as in (B).
(F) Neurons in (D) and (E) recorded as in (C), except
with a longer train of action potentials.
Traces are averages of 30 trials. Scale bars below
(B) and (C) apply to (E) and (F), respectively. The
vertical scale in (C) and (F) only applies for black
traces.
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report that in the slice with the one recorded synapse, 17 other
trials revealed no connections, and in the adjacent slices from
that animal, 36 other trials revealed no connections. Because
the age of animals can affect connectivity, we report the age of
this animal was post-natal day 45 (P45), which is far from the
low end of distribution of ages in this study (P21–P201, mean
P94.8 ± 42.3). Finally, to show that nothing in the methodology
systematically affects synaptic connectivity, we recorded with
the same equipment and preparation protocol a control dataset
from the medial prefrontal cortex (mPFC; including infralimbic,
prelimbic, and anterior cingulate cortices). In these control
data, 43 synaptic connections were observed out of 362 trials
(Figure 2B). These connections were more frequent among
inhibitory neurons, as has been shown by many other studies
[25, 26].

Bidirectional electrical coupling among LH neurons was
observed on three occasions, once each among pairs of MCH,
GAD65-GFP, and VGLUT2 neurons (Figure 2C). This overall
electrical coupling rate of 0.3% (6/2,074) was contrasted by a
rate of 1.7% (6/362) in the mPFC (Figure 2D). In both brain struc-
tures, this very sparse electrical coupling was found within
genetically de�ned subpopulations, which is typical in the cortex
[25]. The electrical coupling coef�cient ( STAR Methods) was
0.075 ± 0.102 in the LH and 0.018 ± 0.013 in the mPFC (p =
0.2), values which are typical for the adult CNS [27].

Because synaptic connectivity is known to be distance depen-
dent, we measured intersomatic distances from all experiments
(Figures 2E and 2F). Distances in the LH (mean 71.6 ± 65.7mm)
were signi�cantly higher than distances in the mPFC (mean
50.3 ± 32.4 mm, p < 10� 6 by Wilcoxon rank-sum test) because,
failing to �nd connections at short distances, we searched for
possible longer-distance connections. The range of covered
4064 Current Biology 30, 4063–4070, October 19, 2020
distances was broader in the LH (3.0–664.5 mm) than mPFC
(4.4–208.7 mm), and encompassed all mPFC distance bins and
exceeded them in number (Figures 2E and 2F). The intersomatic
distance bins of the discovered synapses were well sampled,
indicating that the measured connectivity rates are reliable.
The discovered synapse in the LH was inhibitory and weaker
than typical synapses in the mPFC (Figures 2G–2I). We therefore
conclude that local synaptic connectivity in the LH, bench-
marked to that in the neocortex, is nearly non-existent.

Single-Synapse Equivalent Connections with
Optogenetic Population Activation
Having found a surprising lack of synaptic connectivity with mul-
tiple whole-cell recordings, we sought to reconcile our result with
previously demonstrated connections using optogenetics [ 15–
18]. We �rst assessed several population-speci�c connections
optogenetically, con�rming in each case that the optogenetically
labeled presynaptic population was �ring action potentials in
response to light (Figures 3A–3C; all tested cells depolarized
and spiking was induced in 7/11 VGAT, 16/20 ORX, 13/19
GAD65, 14/16 VGLUT2, and 3/3 MCH cells). Connections were
overall rarer than ‘‘non-connections’’ (43/136; Figure 3C), and
the postsynaptic response amplitudes were low considering
they arise from the �ring of thousands of presynaptic neurons
(MCH/ ORX 0/5; ORX/ GAD65-GFP 1/16, 0.3 mV; GAD65-
cre/ ORX 2/25, 2.0 and 3.1 mV; VGAT/ ORX, 2/24, 0.6 and
0.6 mV; ORX/ n.m. 1/8, 0.1 mV; MCH/ n.m. 3/9, 0.3 ±
0.2 mV; GAD65-cre/ n.m. 3/8, 3.6 ± 5.4 mV; VGLUT2/
GAD65-GFP 9/15, 1.4 ± 1.6 mV; VGLUT2/ n.m. 22/26, 2.8 ±
2.8 mV). Latencies from light to response onset were consistent
with monosynaptic responses (ORX/ GAD65-GFP 2.5 ms;
ORX/ n.m. 2.4 ms; GAD65-cre/ ORX 11.5 and 8.2 ms;
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VGAT/ ORX, 7.3 and 10.6 ms; ORX/ n.m. 2.4 ms; MCH/ n.m.
10.5 ± 5.0 ms; GAD65-cre/ n.m. 5.6 ± 1.5 ms; VGLUT2/
GAD65-GFP 7.6 ± 4.5 ms; VGLUT2/ n.m. 6.4 ± 2.2 ms).

We wondered whether optogenetically evoked postsynaptic
currents (oPSCs) would be similar to spontaneous synaptic cur-
rents (sPSCs), which typically arise from spontaneous discharge
of single synaptic vesicles or individual presynaptic neurons.
This comparison, which has never been documented, would
offer an explanation wherein the previously demonstrated opto-
genetic connections may have arisen from an ultra-sparse con-
nectivity coupled with activation of thousands of neurons, with
possibly only one of them actually presynaptic to the recorded
neuron. We therefore recorded oPSCs and sPSCs in continuous
recordings within the same neurons (Figures 3D and 3E). Across
cells, oPSCs were 61% bigger than sPSCs (sPSCs 20.3 ±
13.5 pA, oPSCs 32.8 ± 42.7 pA, p < 0.05; Figure 3F). However,
the average oPSC amplitudes were typically within the distribu-
tion of sPSC amplitudes (Figure 3D). Furthermore, oPSCs were
not signi�cantly different ( � 37%, p > 0.05) from the average of
the 5% largest sPSCs from each cell (top 5% sPSCs 52.8 ±
64.4 pA, oPSCs 32.8 ± 42.7 pA; Figure 3F), suggesting that the
oPSCs can indeed arise from the �ring of one connected presyn-
aptic neuron. Rise time and decay time constants of oPSCs were
similarly on a par with the top 5% sPSCs ( Figure 3F). We should
note these kinetic metrics may not be meaningful comparisons
because the oPSCs were, more often than sPSCs, composed
of compound multiphasic currents (e.g., biphasic rise in Fig-
ure 3D), which likely arise from occasional multiplet spikes in
the presynaptic neuron (e.g., Figure 3A). In order to estimate
how many presynaptic neurons might give rise to the oPSCs,
we calculated oPSC/sPSC mean amplitude ratios for each cell
(using the mean sPSCs rather than the top 5%). The average
oPSC/sPSC ratio was 1.6 ± 0.9, and their distribution (Figure 3F)
suggests that most oPSCs arise from 1 or 2 presynaptic neurons
and even the largest oPSCs arise from 3–5 among thousands of
activated neurons. This result is in line with our multiple patch-
clamp recordings, and reconciles previous results with ultra-
sparse connectivity within the LH.

Lack of Locally Generated Oscillations in the LH
Lastly, we asked what the functional effect of ultra-sparse con-
nectivity is in the LH. A widely cited hypothesis on interregional
communication postulates that ef�cient communication be-
tween brain regions is achieved through coherent oscillations,
which relies on an intrinsic property for local circuits to oscillate
[28]. Furthermore, the LH receives gamma-rhythmic input from
the PFC and hippocampus, and a local gamma generator could
Figure 2. Analysis of Connectivity Recordings in the LH and mPFC
(A) Overall synaptic connectivity within the LH across 2,074 tested connections, s
(B) Overall synaptic connectivity within the mPFC across 362 tested connections
(C) Electrical coupling in the LH was found in 3 cell pairs among 1,037 tested.
(D) Electrical coupling in the mPFC was found in 3 cell pairs among 181 tested.
(E and F) Distances between cell somata in tested connections in the LH (E) and
(G–I) Example micrographs and voltage recordings of identi�ed connections.
(G) Action potentials (APs) are truncated, as indicated by asterisks.
(H) The only local chemical synapse found within the LH.
(I) An example recording from the mPFC with an NPY neuron (3) and a PV/FS ne
Vertical scale bars in (H) and (I) apply only to postsynaptic traces (black).
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be a basis for switching among these sources [ 29]. The dense
excitatory and inhibitory connectivity within the neocortex allows
it to generate local network oscillations in the 10- to 80-Hz beta-
gamma band [30]. Does lack of dense connectivity in the LH
mean that it cannot generate local network oscillations? We
used the red-shifted opsin C1V1 driven by the ubiquitous
neuronal CaMKII promoter, abundantly expressed in the mPFC
and LH [31], to induce local network activity ( Figures 4A and
4B). Because the dendrites of LH neurons are not consistently
spatially organized, we were unable to measure local �eld poten-
tials but instead had to use whole-cell recordings to measure
rhythmic effects on transmembrane currents [ 22, 32]. We used
linear light-intensity ramps over 5 s to drive network activity so
that a possible ‘‘sweet spot’’ of network activation would not
be missed. In current-clamp recordings, this depolarized all re-
corded neurons (10/10 in the LH and mPFC) and induced �ring
in 8/10 LH neurons and 4/10 in the mPFC (Figures 4C and 4D).
However, we only found oscillations in the mPFC even though
neuronal �ring was reliably recruited in both the mPFC and LH
(Figures 4C and 4D; n = 10 neurons in each area). To demon-
strate that the membrane current oscillation in mPFC neurons
was not due to intrinsic properties of the recorded neurons,
which may differ from LH neurons, we washed on a cocktail of
synaptic blockers that abolished the oscillation ( Figures 4E and
4F; the average 10- to 80-Hz band power induced by the light
ramp dropped by 99%, p = 10 � 4 by paired t test, n = 5). On
average, LH neurons had 11% of the 10- to 80-Hz band-power
increase seen in mPFC neurons during the light ramp, and the
power in LH neurons was not signi�cantly different from the po-
wer in mPFC neurons under synaptic blockade (Figure 4F).
Therefore, these data suggest that the ultra-sparse connectivity
in the LH makes it unable to generate local beta and gamma
oscillations.

DISCUSSION

We found, with multi-neuron whole-cell recordings, that the LH
does not contain neocortical-like densely connected microcircuits
(Figures 1 and 2). Consistently, the few optogenetically identi�ed
connections within the LH were equivalent to spontaneously
occurring PSCs (Figures 3D–3G). This suggests they arise from
as few as one synaptic connection, which is remarkable given
that thousands of neurons in the ‘‘presynaptic’’ population are
likely to be activated. Because a quantitative comparison to pre-
vious work with similar and different optogenetic constructs is
confounded by the lack of quanti�cation of opsin spread and
penetrance in the same brain slices as were used for
howing 1 synapse.
, showing 43 synapses.

mPFC (F).

uron (1) inhibiting a pyramidal cell (2).
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Figure 3. Optogenetic Connections within the LH Are Consistent with Ultra-sparse Synaptic Connectivity
(A) Top: schematic of opsin and label delivery strategy to identify connections from VGAT neurons to orexin neurons. Middle: micrograph of an example coronal
section with VGAT neurons expressing ChR2.mCherry and orexin neurons expressing GCaMP6s. f, fornix. Bottom: current-clamp recording shows a typic al lack
of synaptic response in orexin neurons while the simultaneously recorded VGAT neuron spikes in response to the light stimulus.
(B) Examples of identi�ed connections from the optogenetically activated VGLUT2 population to a GAD65-GFP neuron (top) and from the VGAT population to an
orexin neuron (bottom).
Amplitude scale bars in (A) and (B) only apply to black traces. Gray traces illustrate spiking in the channelrhodopsin-bearing population.
(C) Summary data from all recordings showing that overall only 32% (43/136) of recorded neurons had a postsynaptic response when thousands of presyna ptic
neurons were activated.
(D) Example voltage-clamp (� 60 mV) recording of oPSCs and sPSCs from the GAD65-GFP neuron shown in (B), when VGLUT2 neurons were optogenetically
tagged. Top: the trace is a segment of the recording showing a light-induced PSC and several sPSCs (asterisks). Bottom: from left, histogram of sPSC am plitudes
and the average oPSC amplitude labeled, average oPSC across all light stimuli, average sPSC, average oPSC (detected and aligned with the same method a s the
sPSC for a reliable comparison), average of the largest 5% of sPSCs, and the average waveforms overlaid.
(E) Another example recording of an n.m., GAD65-GFP, and VGLUT2-cre::DIO.ChR2 neuron simultaneously before (baseline, black) and after glutamatereceptor
blockade (CNQX, D-AP5, light blue). The VGLUT2 neuron shows runaway action currents indicating reliable spiking in response to light.
(F) Summary data of average PSCs as labeled in (D) across all voltage-clamp data, showing that oPSCs were larger than sPSCs but not signi�cantly differ ent from
the top 5% of sPSCs. *p < 0.05; n.s., p > 0.05. The y axis in the amplitude plot is logarithmic. Error bars denote SD.
(G) Histogram of the oPSC/sPSC amplitude ratio for all neurons in (F), showing the majority of optogenetic connections can be explained by 1 or 2 sPSCs.
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electrophysiology, we limit our discussion to qualitative remarks.
Although less comprehensive than ours, previous optogenetics
studies also found predominantly single-synapse strength
connections [15, 17, 18]. In contrast, optogenetically activated
long-range sources of input to the LH are orders of magnitude
stronger [33, 34]. A number of previous indirect
Current Biology 30, 4063–4070, October 19, 2020 4067
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