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To investigate whether glucoregulatory neurons in the
hypothalamus can sense and respond to physiological
variation in the blood glucose (BG) level, we combined
continuous arterial glucose monitoring with continuous
measures of the activity of a specific subset of neurons
located in the hypothalamic ventromedial nucleus that
express pituitary adenylate cyclase activating peptide
(VMNPACAP neurons) obtained using fiber photometry.
Data were collected in conscious, free-living mice during
a 1-h baseline monitoring period and a subsequent 2-h in-
tervention period during which the BG level was raised
either by consuming a chow or a high-sucrose meal or
by intraperitoneal glucose injection. Cross-correlation
analysis revealed that, following a 60- to 90-s delay, inter-
ventions that raise the BG level reliably associate with re-
duced VMNPACAP neuron activity (P < 0.01). In addition, a
strong positive correlation between BG and spontaneous
VMNPACAP heuron activity was observed under basal con-
ditions but with a much longer (~25 min) temporal offset,
consistent with published evidence that VMNPA®A? neuron
activation raises the BG level. Together, these findings are
suggestive of a closed-loop system whereby VMNPACAP
neuron activation increases the BG level; detection of
a rising BG level, in turn, feeds back to inhibit these
neurons. To our knowledge, these findings constitute
the first evidence of a role in glucose homeostasis for
glucoregulatory neurocircuits that, like pancreatic
B-cells, sense and respond to physiological variation
in glycemia.

ARTICLE HIGHLIGHTS

¢ By combining continuous arterial glucose monitoring with
fiber photometry, studies investigated whether neurons in
the murine ventromedial nucleus that express pituitary
adenylate cyclase activating peptide (VMNPAAF neurons)
detect and respond to changes in glycemia in vivo.

o VMNPACAP neuron activity rapidly decreases (within
<2 min) when the blood glucose level is raised by either
food consumption or glucose administration.

e Spontaneous VMNPA®AP neuron activity also correlates
positively with glycemia, but with a longer temporal offset,
consistent with reports that hyperglycemia is induced by
experimental activation of these neurons.

e Like pancreatic B-cells, neurons in the hypothalamic
ventromedial nucleus appear to sense and respond to
physiological variation in glycemia.

Glucose homeostasis is achieved through complex interac-
tions between the endocrine pancreas and glucoregulatory
circuits in the brain (1,2). Fundamental to this process is
glucose sensing by pancreatic B-cells, which couples detec-
tion of rising blood glucose (BG) levels to insulin secre-
tion, which, in turn, lowers the BG level. In the current
work, we investigate whether brain control of glycemia in-
volves a similar glucose sensing mechanism.
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This work focuses on a specific subset of neurons lo-
cated in the hypothalamic ventromedial nucleus (VMN)
that express pituitary adenylate cyclase activating peptide
(VMNPAAP neurons). These neurons were selected be-
cause, when they are activated experimentally, BG levels
rise, while, conversely, PACAP deletion from this brain
area causes obesity, hyperinsulinemia, and glucose intoler-
ance (3-6). Together, these findings support a model in
which activation of these neurons leads to mobilization of
stored fuel in response to fuel depletion (low BG levels),
whereas rising BG levels (e.g., following a meal) inhibit
these neurons, which, in turn, promotes fuel storage.

We questioned whether VMN"*“** neurons can sense
and respond to physiological variation in glycemia in vivo.
To this end, we used fiber photometry to continuously
monitor the calcium activity of VMNPA“*? neurons while
simultaneously measuring arterial BG levels over time us-
ing an implantable continuous glucose monitoring (CGM)
system. To our knowledge, our findings constitute the
first evidence of a role in glucose homeostasis for glucore-
gulatory neurocircuits that, like pancreatic (-cells, sense
and respond to physiological variation in glycemia.

RESEARCH DESIGN AND METHODS

Animals

All procedures were performed in accordance with the Na-
tional Institutes of Health Guide for the Care and Use of Labo-
ratory Animals and were approved by the Institutional Animal
Care and Use Committee at the University of Washington,
Seattle, WA. Adult male PACAP-2A-Cre mice (JAX mice, stock
no. 030155) and Sprague-Dawley rats were individually
housed in a temperature-controlled room on a 14:10 light:-
dark cycle under specific pathogen-free conditions with ad li-
bitum access to drinking water and standard laboratory chow
(PMI Nutrition, St. Louis, MO) unless otherwise stated.

Fiber Photometry

Calcium activity was detected within VMN neurons
by unilateral microinjection of 400 nL pGP-AAV-syn-FLEX-
jGCaMP7b-WPRE (Addgene, no. 104493) into the VMN of
PACAP-2A-Cre mice (AP: —1.0; ML: —5.7; DV: 0.45) (Fig. 1A
and B). During the same surgery, an optical fiber was placed at
the injection site as described (7,8). Three weeks later, mice
were connected to a fiber photometry system (RZ5P; Tucker-
Davis Technology, Alachua, FL) to enable a fluorometric analy-
sis of real-time neuronal activity as described (7,8).

Custom MATLAB and Python scripts were developed
for analyzing fiber photometry data (https://github.com/
DeemLab/fiber-photometry), and GCaMP7b fluorescence
was determined after adjusting for signal decay and back-
ground. Briefly, the isosbestic 405-nm excitation control
signal was subtracted from the 470-nm excitation signal
to remove movement artifacts from intracellular calcium-
dependent GcaMP7b fluorescence. Baseline drift due to
slow photobleaching artifacts was evident in the signal,
particularly during the first several minutes of each

PACAP
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recording session. After baseline correction, dF/F (%) was
calculated as individual fluorescence intensity measurements
relative to the median fluorescence of the 470-nm channel
over the entire session.

Accurate viral targeting and fiber placement were veri-
fied post hoc in all animals by immunohistochemical
detection of green fluorescent protein in postmortem
brain slices using an established method (7,8), and data
from animals in which transgene expression or fiber
placement was located outside the targeted area were ex-
cluded from the analysis. To verify photometric detection
of the calcium activity response of VMNFPA“* neurons
in vivo, we used a novel approach based on evidence that
VMN neurons are highly responsive to perceived threats
(9). Specifically, we observed that placing an investigator’s
hand within the cage is sufficient to reliably and rapidly in-
crease VMNPA“*P neuron activity. We therefore used this
activation response as an a priori inclusion criteria; animals
failing to demonstrate a rapid, >10% increase in dF/F
were excluded from further study.

CGM

Adult male PACAP-2A-Cre mice meeting a priori inclusion
criteria underwent arterial implantation of a glucose telem-
etry implant sensor (Data Sciences International, St. Paul,
MN) as previously described (10). Following recovery and
acclimation, animals were connected to the Tucker-Davis
Technology fiber photometry system on a receiver plate to
collect CGM data, which were validated by tail bleed with a
conventional glucometer (AccuChek; Roche) before and af-
ter study interventions.

Study Protocols

Sessions were conducted over 3 h during which CGM and
fiber photometry data were collected continuously. Dur-
ing the first hour, no intervention was performed, and
food was not available. In both ad libitum fed and in over-
night fasted animals, either standard chow or a 100-mg
sucrose pellet (Bio-Serv, Flemington, NJ) was provided at
the 1-h time point, with monitoring continuing over the
next 2 h. For glucose tolerance testing, an i.p. bolus of ei-
ther glucose (30% D-glucose; 2 g/kg) or saline was given
to 4-h fasted mice after a 1-h baseline period, followed
again by a 2-h period of monitoring. Each of these proto-
cols was conducted in each mouse.

Time Course of Changing MBH Glucose Levels
Following an IV Glucose Bolus

A microdialysis guide cannula was implanted into the medio-
basal hypothalamus (MBH) (AP: —2.58 mm; ML: + 2.6 mm;
DV: —8.8 mm; angle: 14°) of male Sprague-Dawley rats
(N = 8) following catheterization of the left carotid artery
for blood sampling and the right jugular vein for infusion.
One week after surgery, the animals underwent a 5-h fast
prior to measuring baseline plasma and microdialysate glu-
cose concentrations. At time 0 min, a bolus of 50% dextrose
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Figure 1—Methods validation and data acquisition. A: Representative image demonstrating GCaMP7b expression and fiber photome-
try tract following unilateral microinjection of the AAV containing a Cre-dependent construct for GCaMP7b into the VMN. B: Schematic
demonstrating experimental design. C and D: Aligned fiber photometry and continuous glucose traces from a single mouse in response
to three paradigms designed to raise glycemia (chow meal, 100 mg sucrose meal, and i.p. glucose injection). E: Temporally aligned
mean (+SEM) arterial BG levels and VMNPACAP neuron activity following either a chow meal, a sucrose meal, or an i.p. glucose bolus

(at t = 0 min) (n = 4). Panel B was created using Biorender.com.

(1 g/kg body weight) was infused intravenously over 15 s.
Blood samples (50 pL) were collected every 2 min for the
first 20 min and then at 25, 30, 40, 50, 60, 90, and 120 min
for plasma glucose measurements. Microdialysate samples
were collected at 10-min intervals from ¢t = —30 min through
study completion. Following separation of plasma from the
blood samples, the remaining red blood cells were resus-
pended in artificial plasma and reinfused back into the ani-
mals to prevent volume depletion and anemia. At the end

of the study, the animals were sacrificed, and their brains
were collected and frozen for verification of proper probe
placement. Only animals with probes correctly targeting
the MBH were included in the analysis.

Statistical Analysis

All CGM data were obtained using DSI software. Statis-
tical analyses were performed using GraphPad Prism
(version 7.4; GraphPad, San Diego, CA), R (version 3.6.2;
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R Project for Statistical Computing), python, and MAT-
LAB (MathWorks, Natick, MA). For glucose measure-
ments, the CGM device produces an amperometric signal
proportional to glucose concentration. This raw current
readout—measured in nanoamperes—was used for all
statistical analysis. For fiber photometry, the dF/F signal
was used for all statistical analyses. In all instances, P <
0.0.05 was considered significant. Cross-correlations were
calculated for each 1-s bin between —60 and +60 min
(n = 46 sessions) (Fig. 2B). To generate a null distribution
for these correlations, each session was randomly circu-
larly permuted before calculating an average shuffled
cross-correlation across sessions. The random value for
this permutation was selected from between —30 and
+30 min. The average and average +3 SDs of these cross-
correlations are shown in Fig. 2B as the solid and dashed
red lines, respectively.
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Data and Resource Availability

The data sets and resources generated and analyzed during
the current study are available from the corresponding au-
thors upon reasonable request.

RESULTS

To study the relationship between the arterial BG level and
VMNPA? neuron activity over time, we combined CGM
with fiber photometry following microinjection into the
VMN of PACAP-2A-Cre mice of a cre-inducible GCaMP7b
AAV vector. Histochemical detection of GCaMP7b fluores-
cence was limited to the VMN of PACAP-2A-Cre mice fol-
lowing AAV microinjection into this brain area, confirming
proper targeting of VMN"*“** neurons in all mice studied
(Fig. 1A). As illustrated schematically in Fig. 1B, both CGM
and fiber photometry data were obtained from each of
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neuron activity and the BG level. A: Example session showing tem-

porally aligned fiber photometry measurements (black) and detrended glucose concentrations (red). B: Average cross-correlogram across
all sessions between neural activity and glucose measurements (N = 46 sessions). The gray line indicates the average correlation of a null
distribution where each session is randomly circularly shuffled. Dashed gray lines indicate +3 and —3 SDs from this mean. The negative
peak just prior to the zero time point documents the strong negative correlation between glycemia and neuron activity, with the former pre-
ceding the latter by 1-2 min. The positive correlation at the 20- to 30-min time indicates that, in the absence of any intervention, increased
spontaneous activity of VMNPACAP neurons is associated with a rising glucose level in the circulation. C: Histogram of the cross-correlation
values between neural activity and glucose measurements at a —60-s temporal lag (the negative peak in B). Data in A are from a no-
intervention, observation-only session, while B and C include all data from all intervention types as well as the no-intervention sessions.
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four PACAP-2A-Cre mice during a 1-h baseline monitoring
period (without access to food), followed by a 2-h interven-
tion period during which the BG level was elevated by con-
suming either a chow or a 100 mg sucrose meal. Studies
were performed in both ad lib fed and overnight fasted ani-
mals, and results were compared with no-intervention con-
trols. To raise the BG level independently of nutrient
ingestion, 4-h fasted animals received an ip. glucose injec-
tion, with results compared with saline injection. In total,
46 study sessions were included in the analysis.

Fig. 1C and D show representative photometry and CGM
traces from a single PACAP-2A-Cre mouse during each in-
tervention over a 10,000-s (167-min) period. Mean (+SEM)
CGM and fiber photometry data obtained from all study an-
imals (n = 4) in response to a chow meal, a sucrose meal, or
an i.p. glucose injection are shown in Fig. 1E. When signals
are aligned, a consistent decline of VMNPACAP
ity is observed as BG levels begin to rise, and a similar rela-
tionship is evident in the absence of any intervention (Fig.
2A). Cross-correlation analysis of data from all mice re-
vealed that following a 60- to 90-s delay, interventions that
raise the BG level are reliably associated with significantly
reduced VMNPAAP neuron activity (Fig. 2B) (P < 0.01).
This inverse relationship was consistent irrespective of how
the BG level was increased (ingestion of either chow or su-
crose; i.p. glucose injection). Variation in cross-correlation
values describing the relationship between neural activity
and glucose measurements at a —60-s temporal lag (with a
change of BG preceding the associated shift in neuron
activity) is depicted for all mice as a histogram in Fig. 2C.
This analysis shows that, although the correlation coeffi-
cient varied between +0.4 and —0.6 at the —60-s time
point, the correlation was negative in ~80% of the mice
studied. Therefore, on average, physiological stimuli that
raise the BG level in freely moving, conscious mice couple
reliably to reduced VMNA“** neuron activity after a 1- to
2-min delay.

Interestingly, a different relationship was observed be-
tween levels of BG and VMN"A“** neuron activity under
baseline conditions (i.e., in the absence of any interven-
tion). Specifically, these two variables were significantly
positively correlated but with a 20- to 30-min offset (Fig.
2B). In some cases, the change of neuronal activity pre-
ceded the change of glycemia, while the reverse was true
in others. The association between increased spontaneous
VMNFPA? neuron activity and a rising BG level is consis-
tent with evidence that experimental activation of these
neurons elicits hyperglycemia (3-6).

To measure the rate at which glucose appears in the
MBH following an iv. glucose bolus, serial measures of MBH
interstitial fluid (ISF) glucose levels were made by microdialy-
sis in adult male Sprague-Dawley rats. Following i.v. glucose
injection, plasma glucose levels rose rapidly to ~300 mg/dL
(a 300% increase over baseline) within 2-3 min and dropped
rapidly thereafter. A corresponding rise of MBH glucose lev-
els was detectable after a 10-min lag and peaked 20-25 min

neuron activ-
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later (Fig. 3). Although performed in a different species,
these data suggest that transfer of glucose from plasma into
the MBH is too slow to explain the rapid decrease of
VMNP neuron activity (<2 min) we have observed fol-
lowing either a meal or i.p. glucose injection (Fig. 2).

DISCUSSION

We investigated whether, like pancreatic (-cells, subsets
of hypothalamic glucoregulatory neurons are capable of
sensing and responding to physiological changes in glyce-
mia in vivo. By combining fiber photometry with CGM in
conscious, free-living mice, we show that the calcium ac-
tivity of VMNP neurons decreases within 60-90 s of a
physiological rise of glycemia (induced by either carbohy-
drate ingestion or exogenous glucose administration). To
our knowledge, these findings constitute the first evidence
that the activity of hypothalamic glucoregulatory neurons
is regulated in vivo by physiological variation in the circu-
lating glucose level.

One possible mechanism to explain these changes in
VMNPAP neuron activity involves the transfer of glucose
across the blood-brain barrier and into the extracellular
fluid surrounding the VMN. To explore this possibility, we
measured the time course over which glucose appears in
the MBH following an i.v. glucose bolus in rats. Consistent
with published evidence (11), we report a relatively slow
rate of appearance of glucose in the MBH, being barely de-
tectable by 10 min following iv. glucose and peaking
~30-35 min after the plasma peak. Such a time course
would appear to be too slow to explain the rapidity with
which VMNPA“F neuron activity decreases following an in-
duced increase of the BG level (<2 min).

Instead, we favor the hypothesis that afferent informa-
tion regarding the circulating glucose level is detected by
glucose-sensing neurons supplying the vasculature. Such
glucose-sensing afferents are well-described in vascular
beds such as the hepatic portal and mesenteric veins
(12-14), as well as in the median eminence (15), a circum-
ventricular organ that lacks a properly formed blood-brain
barrier and is located within the MBH. Once a change of
glucose within the vasculature is detected, this afferent in-
put is conveyed to glucoregulatory neurocircuits within the
brain, of which VMN"A“** neurons are a part.

Under baseline conditions (i.e.,, in the absence of any inter-
vention), spontaneous VMN"A“** neuron activity correlated
positively with variation in glycemia but with a much longer
temporal offset (20-30 min). This suggests that activation of
these neurons raises the BG level, consistent with the pub-
lished effect of chemogenetic activation of these neurons (3).
Together, these observations are suggestive of a cosed-loop
control system whereby VMNPA“*" neuron activation raises
the BG level which, in turn, feeds back to inhibit the activity
of these neurons, functionally the inverse of the canonical
coupling of 3-cell function to the BG level.

A limitation of this work is that firm conclusions about
causality cannot be drawn solely from associations between
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Figure 3—Time course of changing glucose concentrations in A) plasma and B) MBH following an i.v. glucose bolus. A: Plasma glucose
levels rose rapidly, peaking 2 min following intravenous glucose administration and rapidly returning to baseline values. B: Extracellular
glucose levels in the MBH measured by microdialysis rose detectably within 10 min after intravenous glucose administration and
peaked at ~30 min, before returning to baseline levels by ~40-50 min. Data are presented as average percentage change from baseline

values + SEM.

neuronal activity and BG levels. For example, it is possible
that observed neuronal responses are coupled to changing
glycemia indirectly (e.g., via “gut-brain signaling” following
detection of nutrients in the gastrointestinal tract) and
that VMNPAA? neurons are not unique but, instead, are
one of many neuronal subsets regulated by changes in gly-
cemia. With these limitations in mind, we interpret our
finding that VMNP“*? neuron activity is rapidly reduced
following interventions that raise the BG level as the first
direct evidence of a neural mechanism that transduces sen-
sory detection of glycemic variation into an adaptive hypo-
thalamic response.
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