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Chronic morphine impairs orexin neuron firing

Abstract

Orexin (hypocretin) neuropeptides regulate numerous essential functions including sleep/wake
state stability and reward processing. Orexin synthesizing neurons respond to drug cues and undergo
structural changes following persistent drug exposure. Post-mortem brains from opioid users, and
opioid-treated rodents have orexin somata that become ~20 % smaller and ~50% more numerous and
are postulated to promote hyper-motivation for drug-seeking though increased orexin release.
Biophysical considerations suggest that decreased soma size should increase cellular excitability,
however the impact of chronic opioids on firing ability, which drives peptide release, has not been
explored. To test this, we assessed the intrinsic electrophysiological properties of orexin neurons by
whole-cell recordings in slices from male orexin-EGFP mice treated by daily morphine or saline injections
for two weeks. Paradoxically, we found that while daily morphine decreased average soma size, it
impaired excitability in a subpopulation of orexin neurons identified by electrophysiological criteria as
“H-type”, while entirely sparing “D-type” neurons. This impairment was manifest by smaller, broader
action potentials, variable firing and a downscaling of firing gain. These adaptations required more than
a single morphine dose and recovered, along with soma size, after four weeks of passive withdrawal.
Taken together, these observations indicate that daily opioid exposure differentially impacts H-type
orexin neurons and predicts that the ability of these neurons to encode synaptic inputs into spike trains

and to release neuropeptides becomes impaired in conjunction with opioid dependence.


https://doi.org/10.1101/2025.03.20.644444
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.20.644444; this version posted March 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Chronic morphine impairs orexin neuron firing

Significance Statement

Orexin peptide signaling sustains motivation for opioid and cocaine seeking and chronic use upregulates
orexin peptides and induces structural changes consistent with enhanced orexin release. However, the
impact of chronic drug exposure on the ability of orexin neurons to fire action potentials which drive
peptide release has not been explored. Paradoxically, we found that two weeks of daily morphine
exposure selectively and reversibly impaired action potential firing in a distinct subpopulation of orexin
neurons (H-cells). These findings further support a functional dichotomy among orexin neurons and
imply that the ability of H-cells to encode input signals and release neuropeptides becomes impaired

during development of opioid dependence.
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Introduction

Orexin (hypocretin) neuropeptides are synthesized by neurons located around the fornix in the
hypothalamus (de Lecea et al., 1998; Sakurai et al., 1998) that have widespread central projections and
regulate numerous functions including arousal, feeding and reward (Peyron et al., 1998; Sakurai, 2007;
Mahler et al., 2014; Li, Giardino and de Lecea, 2017). Orexin peptides act through two G protein-
coupled receptors, orexin 1 (OX1R) and 2 (OX2R) to depolarize and elevate intracellular calcium levels in
cells expressing these receptors (Muraki et al., 2004; Kukkonen and Leonard, 2014; Leonard and

Kukkonen, 2014).

Intact orexin signaling is critical for the normal regulation of sleep and waking states since
genetic disruption results in narcolepsy with cataplexy (Chemelli et al., 1999; Lin et al., 1999; Willie et
al., 2003; Kalogiannis et al., 2011) and patients with this sleep disorder have little, to no orexin peptide

(Peyron et al., 2000; Thannickal et al., 2000; Scammell, 2003; Seifinejad et al., 2023).

Strong evidence also links the orexin system to motivation and reward processing. Many orexin
neurons are located in the lateral hypothalamic area (LHA), a region classically linked to feeding,
drinking and reinforcement (Stuber and Wise, 2016). Moreover, ~50 % of orexin neurons are
immunopositive for mu-opioid receptors and respond to chronic morphine exposure with increased
activity of the cAMP response element (cCAMPRE) and to naloxone-precipitated withdrawal with
increased cAMPRE and cFOS (Georgescu et al., 2003). In brain slice experiments, about half of mouse
orexin neurons are directly inhibited and show decreased EPSC frequency following acute morphine
application (Li and van den Pol, 2008) and OX1R signaling in the VTA is necessary for induction of
excitatory synaptic plasticity in dopamine neurons following single cocaine or morphine injections

(Borgland et al., 2006; Baimel and Borgland, 2015).
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Orexin neurons are also cfos-responsive to drug-related cues (Harris, Wimmer and Aston-Jones,
2005; Harris and Aston-Jones, 2006) and orexin-A can reinstate extinguished drug seeking (Boutrel et al.,
2005; Harris, Wimmer and Aston-Jones, 2005), while the genetic absence of orexin dampens reward-
related behavior (Georgescu et al., 2003; McGregor et al., 2011; Shaw et al., 2017) and orexin receptor
antagonists attenuate drug-induced behavioral changes in rodent substance use disorder models
(Harris, Wimmer and Aston-Jones, 2005; Hutcheson et al., 2011; Brown, Khoo and Lawrence, 2013;

Gentile et al., 2018; James and Aston-Jones, 2020).

Consistent with participating in neural adaptations underlying addiction, orexin neurons
undergo structural and synaptic plasticity in response to both environmental challenges and persistent
exposure to drugs of abuse. Orexin neurons show increased numbers of asymmetric somatic synapses
and increase mEPSP frequency after overnight fasting (Horvath and Gao, 2005) but show decreased
synaptic integration following diet-induced obesity (Tan et al., 2020). Sleep deprivation decreases
perisomatic astrocytic processes resulting in presynaptic inhibition of glutamatergic inputs (Briggs,
Hirasawa and Semba, 2018), while apparently increasing the AMPA/NMDA ratio (Rao et al., 2007) — a
change also observed following three days of cocaine injections which facilitated high frequency LTP

(Rao et al., 2013).

Strikingly, brains from human heroin addicts and mice chronically treated with morphine have
~50% more immunodetectable orexin neurons with ~20% decrease in soma size (Thannickal et al., 2018)
and an increased orexin fiber density and TH levels in mouse locus coeruleus (McGregor et al., 2022) and
VTA (McGregor et al., 2024). Comparable increases in orexin immunopositive neurons were observed in
rats following self-administration of cocaine (James et al., 2019) and fentanyl (Fragale, James and Aston-
Jones, 2021) suggesting dysregulation of an “orexin reserve” that might enhance orexin release and

drive hyper-motivation for drug taking (James and Aston-Jones, 2022).
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However, orexin output depends not only on peptide availability, but also on orexin neuron
excitability, and since the effects of chronic morphine on orexin neuron excitability were unknown, we
used brain slices and whole-cell recordings to investigate the intrinsic electrical properties of orexin

neurons following two weeks of daily morphine or saline injections.

Materials and Methods:

All procedures complied with NIH guidelines and were approved by New York Medical College
Institutional Animal Care and Use Committee and all efforts were directed at minimizing the number of

animals used for this study.

Mice

Male orexin-EGFP mice, which express enhanced green fluorescence protein (EGFP) under the
control of the human prepro-orexin promoter (Yamanaka et al., 2003), were used for all experiments.
These mice were bred in our animal facility from founder mice generously provided by Dr. Luis De Lecea
and Dr. William J Giardino (Adamantidis et al., 2007). For the duration of all experiments, mice were
singly housed in standard mouse cages (10.5in x 6in x 5.75 in; 22 + 1°C) and kept on a 12-12 light-dark
cycle with lights on at five am. Mice had ad lib. access to water and food (Purina rodent laboratory diet

5001, protein 23 %, fat 4.5 %, fiber 6 %).

Addiction, Withdrawal, 1-Day Injection paradigms

Experiments used three treatment cohorts that we termed the “Addiction”, “Withdrawal”, and
“1-Day cohorts”. Mice in each cohort were randomly assigned to one of two groups that received single,
daily subcutaneous injections of either sterile saline (0.9 % NaCl) or 50 mg/kg morphine sulfate dissolved

in sterile saline between 9:30 — 10:30am. Mice were weighed daily, just before injection, to determine
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the precise volume (~ 0.1 ml) of morphine/saline to be administered. Mice were then sacrificed for brain
slice electrophysiology or for immunohistochemistry according to the schedule illustrated in Fig. 1A.
Mice in the Addiction cohort received daily saline or morphine injections for 14 days and were sacrificed
between 11:30am -12:30pm on the day of their last injection. Mice in the Withdrawal cohort received
injections as in the Addiction paradigm but then received no injections for four-weeks. During this four-
week period, mice were checked and weighed a few times per week to monitor for overall health and
weight change and received weekly cage changes by veterinary staff. On the last day of the four-week
period, mice were sacrificed for slice electrophysiology or immunohistochemistry, at the same time as
those for the Addiction cohort. Mice in the 1-Day Cohort received a single subcutaneous injection of

saline or 50mg/kg morphine sulfate and were sacrificed 2 hours later for slice electrophysiology.

Brain slice preparations and in vitro electrophysiological recordings

Following deep anesthesia with isoflurane (>5% in O3), mice were decapitated, and their brains
were quickly removed into ice-cold artificial cerebrospinal fluid (ACSF) which contained (in mM) 126
NaCl, 3 KClI, 1.2 NaH;PO4, 2 CaCl,, 2 MgS0,, 24 NaHCOs, 10 D-Glucose, osmolarity 295-300, and was
oxygenated with carbogen (95% O, and 5% CO,). The brain was blocked by first resting the brain on its
ventral surface and making coronal cuts caudally through the midbrain-pons junction and rostrally just
behind the NAc to leave a block containing the hypothalamus. This block was then affixed with
cyanoacrylate to the stage of a Leica VT1000S vibratome, caudal side down with the ventral side of the
brain facing the blade. Brain slices (250 um) were then cut in oxygenated ice cold ACSF and then
incubated at room temperature in oxygenated NMDG recovery solution containing (in mM) 115 NMDG,
2.5 KCl, 1.2 NaH,PQ,, 0.5 CaCl,, 10 MgSQ,, 25 NaHCOs, 25 D-Glucose, osmolarity 295-300, for 10 minutes
(Ting et al., 2014). Slices were then rinsed five times in ACSF and transferred to continuously

oxygenated, room temperature ACSF for one hour before starting recordings.
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We recorded EGFP-positive orexin neurons in brain slices submerged and perfused (1-2 ml/min)
with room temperature (22° + 2°C) ACSF in a chamber mounted on a fixed stage microscope (Olympus
BX-50WI). EGFP positive neurons were selected for recording using epi-fluorescence illumination with a
white LED light source (UHP-T-W50-SR; Prizmatix, Holon, Israel) filtered with an EGFP filter cube
(#49002; Chroma, VT, USA) and imaged with a CCD camera (Qimaging Retiga Electro; Teledyne
Photometrics, AZ, USA). Patching the selected neuron was guided using infrared differential
interference contrast (IR-DIC) optics with the same camera operated with Ocular software (Teledyne
Photometrics, AZ, USA). We recorded orexin neurons in whole-cell voltage and current clamp (I-clamp
fast) configurations using an Axopatch 200B amplifier (Molecular Devices; CA, USA) with the output filter
set at 5 KHz. Membrane currents and voltages were sampled at 10 KHz and controlled using a Digidata
1550B and pCLAMP11 software (Molecular devices; CA, USA). Recording pipettes (4-7 Mohm; Sutter
Instruments Item # BF150-86-10HP) were made using a horizontal puller (model P-97, Sutter
Instruments; CA, USA). Pipettes were filled with an internal solution containing (in mM) 144 K-
Gluconate, 0.2 EGTA, 3 MgCl,, 10 HEPES, 0.3 NaGTP, 4 Na,ATP of pH 7.2 and osmolarity 295-305. Alexa
Fluor 568 biocytin or Alexa Fluor 594 biocytin (0.2 mg/ml Thermofisher Scientific) was added to the

patch solution to identify the recorded cell and confirm that it was EGFP-positive.

Formation of a Giga seal in voltage clamp mode was monitored using the Membrane Test
routine in Clampex 11. Upon seal formation (> 1 Gohms), the fast and slow pipette capacitance
compensation was adjusted to minimize stray pipette capacitance. Following breakthrough, the
Membrane test routine was used to estimate and monitor series (access) resistance (Ra), total
capacitance (Cn) and input resistance (Rm) in response to a 50 ms duration -10 mV voltage jump from a
holding potential of -60 mV. These values were determined by Clampex 11 from real-time exponential
fitting of the average transient current decay (n = 20) and a measure of the average baseline and steady-

state current following the decay as described in the Membrane Test Algorithms support page
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(https://support.moleculardevices.com/s/article/Membrane-Test-Algorithms). Ra was tracked for three

minutes to be sure it remained low and stable (17.1 + 1.0 Mohms, n = 68). If it was unstable or
exceeded 40 Mohms the recording was terminated. In principle, these values of Ra should not affect
our estimates of Ry, and Cy, since this algorithm estimates C,, from the total charge delivered during the
capacitive transient. Delivery of charge was not limited by Ra or the amplifier since peak currents were
less than 2 nA and the Axopatch 200B is capable of sourcing 20 nA. If Ra, Cin and Ry, were stable, we
sampled five times over this period, and the average of these values was used as the estimate of these
parameters for that cell. Since specific membrane capacitance (~1 uF/cm?) is considered a constant
(Gentet, Stuart and Clements, 2000), membrane capacitance is proportional to membrane surface area.
Capacitance estimated by this method is most influenced by somatic and proximal dendritic membrane
(Taylor, 2012) since these compartments experience most of the voltage change produced by our clamp

step.

The holding current was then recorded at -60 mV for 30s and the amplifier was putin the | =0
mode to measure the resting membrane potential or spontaneous firing of the neuron. The amplifier
was then switched into | clamp fast mode to execute a series of current clamp protocols. Series
resistance was generally uncompensated unless it was greater than 20 Mohms, since the voltage error

from our injected currents were small.

Mouse orexin neurons can be identified as either D-type or H-type based on their membrane
potential trajectory following strong hyperpolarizing current pulses delivered while the neurons were
spontaneously firing. D-cells show a depolarizing recovery response and rapid resumption of spiking
while H-cells show a delayed recovery produced by an A-current mediated hyperpolarization that
delayed resumption of spiking (Williams et al., 2008b; Schone et al., 2011). We therefore identified

whether the recorded cell was D- or H-type by delivering a series of increasing amplitude, one second
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duration current pulses from baseline firing. We then computed a “Spike Ratio” and measured the time
to first spike after the end of the pulse, to compare with previously identified D- and H-cells (Schone et
al., 2011). Time to the first spike was measured starting 50 ms after pulse offset to the time of the
following spike. “Spike Ratio” was measured as the number of spikes in the one second starting

50ms after the end of the pulse, divided by the number of spikes in the one second before the pulse.

(see Fig 2B, C).

We next determined the action potential properties by measuring the rheobase and the shape
of single spikes. Rheobase was measured as the amount of current required to elicit a single action
potential from a holding potential of -60 mV using current pulses of 80 ms duration. Action potential
shape was measured by spikes evoked by a current strength just above rheobase. We then measured
the F-1 relation with firing evoked by two second duration constant current pulses that were
incremented in amplitude in 10 pA steps. Reported membrane potentials were not corrected for the

liguid junction potential which we previously measured for these solutions as ~-15 mV.

Perfusion & brain section collection for Inmunohistochemistry (IHC) or Immunofluorescence (IF)

Mice were overdosed with a ketamine (100 mg/kg)/xylazine (10 mg/kg) cocktail and perfused
through the heart with 0.01M phosphate buffered saline (PBS) followed by 4 % PFA, two hours following
their last injection. Brains were removed and post-fixed in 4 % PFA for 24 hours, after which they were
cryoprotected in 30 % sucrose for at least 72 hours. For sectioning, brains were flash frozen in -80°C
methylbutane and then frozen into a block of OCT freezing compound (Fisher HealthCare Tissue Plus
Cat# 23-730-571) at -20°C. Brain blocks were then sectioned into 40 um coronal sections using a Leica
Cryostat CM1850. 40 um sections were collected and stored in 0.01M PBS solution prior to

immunohistochemistry or immunofluorescence labeling.

-10-
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Anti-Orexin-A and Anti-GFP IHC

Brain sections (40 um) through the lateral hypothalamic area were taken 160 um apart (every
4t section), and immunostained to visualize either Orexin-A or GFP. Sections were first incubated for 30
minutes with 1% H,0; to block endogenous peroxidase activity and then for 30 minutes in 1 % BSA/0.2
% triton-X 100/0.01 M PBS solution to block nonspecific antibody binding. For identification of orexin-A,
sections were incubated in rabbit polyclonal anti-orexin-A (1:10,000, Phoenix Pharmaceuticals, H-003-3
lot#01651-8). For identification of GFP, sections were incubated with sheep polyclonal anti-GFP
antibody (1:1,000, Novus Biologicals, #NB100-62622, lot#1710). Sections were incubated in primary
antibody solution (1 % BSA/0.2 % triton-X 100/ 0.01 M PBS) at room temperature on a shaker overnight.
The following morning, primary antibodies were removed, and sections were washed in 0.01M PBS to
remove any remaining antibody. Sections were then incubated with avidin biotin complex from a
Vectastain Elite ABC Kit (PK-6100 lot#ZF0802) for 30 minutes. Sections were then washed in 0.01 M PBS
and then reacted with Vector VIP peroxidase substrate kit (SK-4600) for enough time to obtain optimal
purple staining (2-10 minutes). Sections were then mounted onto charged microscope slides (Fisher
Scientific, Superfrost plus) and dehydrated in graded ethanol’s (80 %, 90 %, 100 %) for approximately
two minutes each to achieve optimal removal of background VIP and dehydrate the tissue. Sections

were then cleared with xylene and cover slipped using Permount mounting media.

Anti-Orexin-A and Anti-GFP IF

Brains were sectioned as above, and sections were incubated for 30 minutes in 1% BSA/0.2%
triton-X 100/0.01 M PBS solution to block nonspecific binding. For identification of orexin neurons via
orexin-A and GFP IF, the same primary antibodies, at the same concentrations as above were used.
Following incubation with primary antibodies overnight in 1 % BSA/0.2 % triton-X 100/ 0.01 M PBS,
antibodies were removed, and sections were washed in 0.01 M PBS. Sections were then incubated for

45 minutes in either 1:200 donkey-anti-rabbit-Alexa 594 or donkey-anti-sheep-Alexa 488 in 1 % BSA/0.2

-11 -
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% triton-X 100/ 0.01 M PBS. Sections were washed in 0.01 M PBS a final time and then sections were
mounted on charged microscope slides, and cover slipped with anti-fade Vectashield (H-1700) aqueous

mounting media.

Mapping recorded orexin neurons

Low power digital images of the brain slice containing the fornix, mammillothalamic tract, and
patch pipette at the location of the last patched neuron were acquired using a 4x objective following
each whole cell recording. These images were imported into the FilJi distribution of Imagel (Schindelin
et al., 2012) calibrated and the distance of the tip of the patch pipette to both the fornix and
mammillothalamic tract was measured using the line tool and the ROl manager. Corresponding atlas
pages were selected from the Paxinos Mouse atlas (Franklin and Paxinos, 2008) and opened in Adobe
Illustrator. The measurements taken in ImagelJ were then used to plot the location of each recorded
neuron onto the atlas page in Adobe Illustrator. A vertical line was drawn through the center of the

fornix to separate the nucleus into medial and lateral regions.

Experimental Design and Statistical Analysis
All investigators were blinded to the mouse treatment conditions for data collection and

analyses.

Electrophysiological analysis

Analysis of electrophysiological waveforms was performed using Igor Pro software (version 8
and 9; Wavemetrics, OR, USA). Action potential shape and repetitive firing parameters were measured
using custom-programmed routines in Igor Pro (Erisir et al., 1999). Action potentials were evoked from
a holding potential of -60 mV by injecting 10 pA current steps until reaching threshold to generate one
spike. Spike amplitude was measured off-line as the difference between the action potential peak and

its threshold. Spike threshold was determined as the potential at which the second derivative of the

-12 -
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voltage waveform exceeded three times its standard deviation in the period preceding spike onset. The
afterhyperpolarization (AHP) was measured as the difference between the spike threshold and the
voltage minimum following the action potential peak. Maximum rates of rise and decay of the action
potential were computed from the maximum and minimum of the smoothed first derivative of the

voltage waveform. Spike width was measured at half the spike amplitude.

Instantaneous frequency (1/interspike interval) vs time curves were computed from trains of
action potentials evoked by 2s duration current pulses from the times after pulse onset at which each
spike crossed 0 mV. Initial firing rate was the instantaneous frequency of the first interval and the final
rate or steady-state rate was computed as the average of instantaneous frequency for the last five
intervals of a train. Instantaneous frequency for the 1%, 2"9, 4™, and the last intervals along with steady-
state firing rate were plotted as a function of the injected current strength to construct firing rate —
current (F—1) curves. In the repetitive firing protocol, current strength was increased at 10pA
increments until spike failure occurred within the 2s duration pulse. Firing rates between 10— 120 pA
were used to compare F- | relations between cells and across treatment conditions and did not include
firing at current strengths that produced spike failures. For analysis of firing rate variability, we
computed the coefficient of variation (standard deviation of firing rate / mean firing rate) for the period
of firing following early accommodation for each firing rate trace at a mid-current strength (80 pA). To

estimate the firing rate gain, average F-I curves were fit with a second order polynomial:

Firing Rate = Ky + K, (x — xo) + Ky(x — x¢)?

where Ky is the firing rate for the minimal current xo (10 pA) and K; and K; are the coefficients derived
from the best fit using the built-in curve fitting function of Igor Pro 9 which makes use of a singular value
decomposition algorithm. Firing gain was then computed in Igor Pro 9 by taking the 1%t derivative of the

best-fit polynomial.

-13-
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Histological data collection & Analysis

Every 4'" section (40 um) containing EGFP and orexin-A immunopositive neurons were imaged
with a Keyence microscope (BZ-X800) using a 4x (Nikon CFl PlanApo Lambda, NA 0.2) or a 40x (Nikon CFI
Plan Apo Lambda, NA 0.95) objective. To prepare images for cell counting, a series images (40x
objective) spanning the entire orexin cell field on one side of the brain were acquired and automatically
stitched together. The number of Orexin-A or GFP immunopositive neurons was then counted using the
ImagelJ cell counter plug-in from the stitched images. Neurons were counted from both the left and
right sides of the brain, across all sections containing orexin neurons. On average, seven sections per
brain (160 um apart), covered the rostro-caudal extent of the orexin field. Efficacy and specificity of
EGFP expression in the orexin-EGFP mice was determined using double immunofluorescence and
counting the number of neurons single and double-labelled for orexin-A (Alexa-Fluor 594) and GFP
(Alexa-Fluor 488) in untreated mice. Efficacy was calculated as the percent orexin-A positive neurons
that were also GFP positive for each mouse. Specificity was measured as the percentage of GFP positive

cells that were also orexin-A positive for each mouse.

To estimate efficacy for tissue stained with a single permanent VIP stain for GFP, adjacent
sections were stained for orexin-A, and the percent of GFP labeled cells per orexin-labelled cells on the
adjacent section was calculated. This allowed us to estimate if morphine treatment grossly changed the

efficacy of GFP expression in orexin neurons.

For analysis of soma size, neurons were measured from Z-stacks acquired with the 40x objective
using 0.3 um Z-steps. Z-stack locations were chosen randomly from throughout the GFP+ neuron field.
A typical Z stack had 30 images to encompass the entire orexin neuron soma. GFP neurons were only
measured if the soma was completely encompassed by the Z-stack, and dendritic/axon projections were

visible coming off the soma. Soma measurements were done using the polygon tool in Image) to trace
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the outline of each soma in the z-stack. Measurements of somatic cross-sectional area and other shape

parameters were collected in the region of interest manager in Imagel.

Statistical Analysis

Statistical analyses were conducted using DataDesk RP (v8.2.1; Data Descriptions, Ithaca, NY),
Excel, or Igor Pro 8 and 9. Data are presented as the mean * standard error of the mean (SEM). For all
statistical tests, p < 0.05, p < 0.01, and p < 0.001 were considered significant, and p > 0.05 was
considered not significant (ns). For histological data, average soma size per mouse was compared
between treatment groups by T-test, and cumulative distributions of individual cell size were compared
with a Kolmogorov-Smirnov test implemented in Igor Pro. For electrophysiological data: analysis of Cy,
Rm, Rheobase, spontaneous firing and action potential shape parameters were compared between
treatments groups with a one-way ANOVA. Analysis of different firing categories (Continuous, Cluster,
Reluctant) was done via a Chi-Square test. F— 1 curves between treatment groups were analyzed using
two-way repeated measures ANOVAs (rmANOVA) set up using a general linear model with firing rate as
the dependent variable and treatment and current strength (repeat factor) and the interaction between
treatment and current strength as the factors. Differences between firing rate at each current strength

was determined by Bonferroni corrected post-hoc tests.
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Results:

Chronic morphine exposure reduced average soma size of orexin-EGFP neurons

To study the effects of chronic morphine on excitability, we first confirmed the efficacy and
specificity of EGFP expression in orexin neurons and then determined whether EGFP-expressing orexin
neurons reflect the decrease in soma size previously reported for the orexin immunoreactive population
(Thannickal et al., 2018).

Using double immunofluorescence we found that that efficacy was variable but specificity was
very high (Fig 1 B— D). Efficacy ranged between 40 — 70 % across animals with an average of 49.1 + 3.5
% (n = 6) of orexin-A immunopositive neurons expressing EGFP (Fig 1D, left), while the specificity of
orexin-A expression within the GFP positive population was 99.7 + 0.1 % (n = 6; Fig 1D, right).

We next determined if chronic morphine treatment altered soma size of EGFP-expressing orexin
neurons. Male orexin-EGFP mice in our Addiction cohort were injected with 50 mg/kg morphine or
saline once daily for two weeks prior to VIP IHC for GFP (Fig 1 E, F). We found that the average soma
area was reduced by ~16 %, decreasing from 277.5 + 6.2 um? in saline treated mice (n = 4) t0 232.5+6.7
um? in morphine treated mice (n = 4; Fig 1G). Pooling the soma measurements from all mice in each
treatment (Saline treated: n = 356; Morphine-treated: n = 440), indicated a leftward shift in the size
distribution for morphine treated mice and suggested that the average size was decreased due to a
modest increase in small somata and a large decrease in large somata (Fig 1H). This leftward shift was
apparent by comparing the cumulative size distributions which were significantly different based on a
Kolmogorov-Smirnov test (p << 0.0001; Fig 11). Thus, these EGFP+ neurons undergo a similar reduction
in soma size to that previously found for the overall population of orexin immunopositive neurons

following chronic morphine exposure.
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Chronic morphine exposure did not modify the basic passive electrical properties of D- or H-type

orexin neurons

We next assessed the passive electrical properties of orexin-EGFP neurons in brain slices from
mice in the Addiction cohort by whole-cell recording (Fig 2A, left). Total membrane capacitance (Cr)
and input resistance (Rm) were measured from a holding potential of -60 mV using the Clampex
membrane test measurements of capacitive currents resulting from -10 mV voltage pulses (Fig 2A,
right). Since Orexin-EGFP neurons had smaller somata following 14 days of morphine exposure, we
expected that estimates of C, might be lower and Ry, might be higher following morphine treatment,
however this was not the case. There were no significant differences between EGFP-positive cells from
saline- and morphine-treated mice in either Cr, (Saline: 25.64  1.29 pF, n = 35; Morphine 29.87 + 1.97
pF, n=33;t=-1.79, df =55, P = 0.08) or R, (Saline: 1.06 + 0.11 Gohm, n = 35; 0.88 + 0.06 Gohm, n = 33;
t=1.44, df =50, P = 0.16) although there was a trend toward a higher average Cm among neurons from
the morphine treated mice.

Orexin neurons are in an intrinsic state of depolarization and typically fire spontaneously in
brain slices (Li et al., 2002; Eggermann et al., 2003; Cvetkovic-Lopes et al., 2010). We found that 64/68
neurons fired spontaneously but there was no statistical difference in the average rate between EGFP
positive cells from saline (8.55 + 0.80 Hz, n = 32) and morphine (8.59 + 0.98 Hz, n =32; t =0.172, df = 60,
P = 0.98) -treated mice. Moreover, we found no statistical difference in variability of spontaneous firing
as measured by the coefficient of variation (CV; Saline: 0.15 + 0.02, n = 32; Morphine: 0.17 +0.02, n =
32;t=-0.697, df = 60, P = 0.49).

We next characterized each neuron as D- or H- subtypes (Williams et al., 2008b; Schone et al.,
2011) by delivering hyperpolarizing current clamp pulses while they were spontaneously firing (Fig 2B,
C). Out of 68 cells tested in the Addiction Cohort, 34 were classified as D-type, with a rapid return to

firing after offset of the current pulse (arrow) and 28 were classified as H-type, with a delayed return to

-17 -


https://doi.org/10.1101/2025.03.20.644444
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.20.644444; this version posted March 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Chronic morphine impairs orexin neuron firing

firing after offset of the current pulse (arrow). Four neurons were not spontaneously firing and were
not classified. We also found these orexin neurons showed a similar relation between spike ratio vs.
time to first spike, as previously described (Schone et al., 2011). D-type neurons had higher spike ratios
and shorter times to first spike compared to H-type orexin neurons (Fig 2D).

Analyzing Cr,, Rm or spontaneous firing rate separately for each cell type also did not reveal an
effect of treatment on these parameters, although the trend toward higher C, and lower Ry, following
morphine treatment was manifest only for H-neurons (Fig 2 E, F; Table 1). Thus, despite the soma size
reduction after two weeks of daily morphine exposure, electrical measurement did not reveal a
corresponding decrease in Cy, or increase in Rn,. Several factors may contribute to this apparent
discrepancy. First, cell sampling differences between fixed sections and brain slices may have masked
differences in the size distributions. Second, if soma size alone decreased, the effect on total
capacitance would become much less detectable, since soma area is only ~15 % of total membrane area
(Schone et al., 2011). Finally, small membrane infoldings may contribute to soma size decrease without

reducing total membrane area and hence capacitance (Matovic et al., 2020).

Chronic morphine exposure altered the action potential shape of H- but not D-type orexin neurons
We next assessed the consequences of 14 days of morphine exposure on the active membrane
properties underlying spike generation in orexin neurons by measuring rheobase and action potential
shape parameters. Orexin neurons from morphine-treated mice had on average, a higher rheobase
(25.81 £ 2.40 pA, n = 31) than those from saline-treated mice (19.03 + 1.76 pA, n =31; t =24.178, df =
60, P = 0.026). Analyzing D- and H-cells separately, revealed that this difference was accounted for by
the H-cells, which showed a 30% higher average rheobase in slices from morphine-treated mice
compared to those from saline-treated mice, while no difference was found among D-cells (Table 1).
Thus, daily morphine exposure selectively increases the amount of current required to elicit an action

potential in H-cells.
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We next analyzed the shape of single spikes produced by just-suprathreshold current injections
from a membrane potential of -60 mV (Fig 3, Table 1). This revealed that the action potentials in H-cells
from morphine-treated mice were, on average, smaller and slower than action potentials from saline-
treated mice (Fig 3A, right). Moreover, there were no corresponding changes to the action potential
shape in D-cells recorded from the same brain slices (Fig 3A, left). In addition to having action potentials
of lower amplitude (Fig 3B) and longer half-widths (Table 1), morphine treated H-cells had action
potentials with significantly slower maximal rising (Fig 3D, Table 1) and falling rates (Fig 3E, Table 1) with
a significantly less negative average peak afterhyperpolarization (Fig 3C, Table 1), while there were no
corresponding differences between these parameters for D-cells (Table 1).

Despite these changes in spike shape, there were no indications that H-cells from morphine-
treated mice were more depolarized than their counterparts from saline-treated mice. Neither their
spontaneous firing rates were different (Table 1), nor was a greater negative current required to hold H-
cells from the morphine-treated mice at -60 mV (holding current from saline-treated =-24.9 +5.2 pA, N
=15; from morphine-treated = -30.1 + 10.4 pA, n=13;t=0.61, df = 24, P = 0.65). These data indicate
that 14 days of daily morphine exposure results in a selective impairment in the spike generating
mechanisms of H-cells while sparing D-cells.

Chronic morphine exposure impaired repetitive firing in H-type but not D-type orexin neurons

We next examined the ability of orexin neurons to fire repetitively in response to constant
current pulses. During this protocol, steady current was injected to hold the baseline membrane
potential at -60 mV and two second duration positive current pulses from 10 pA up to 120 pAin 10 pA
steps were injected with enough time between each pulse to allow the membrane potential to recover
to baseline. Across the injected current steps, we noticed that cells displayed different firing patterns
that were reflected in their spike-rate variability. Three patterns were discerned: The largest proportion

of cells fired continuously with a regular pattern throughout the current pulse (termed "Continuous”), a
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smaller portion fired irregularly with pauses in spiking punctuating the train, which we termed “Cluster
firing”, and some cells we termed “Reluctant”, only fired one or a few spikes no matter how much
current was delivered (Fig 4A). To capture the variability differences between Continuous and Cluster
cells, we measured the coefficient of variation (CV) of the instantaneous firing after early adaptation at a
mid-current strength of 80 pA for cells in each treatment group (Fig 4B). Based on the distribution of
CVs across groups, we chose a CV of 0.22 to separate cells into Continuous (< 0.22) and Cluster (> 0.22)
categories. Using this criterion, we observed D-cells to have a high percentage of Continuous firing cells
with only a few neurons showing Cluster or Reluctant firing patterns. This distribution didn’t change
following morphine exposure (x? = 3.15; df = 2; n = 30; P = 0.248; Fig 4C left). However, assessing the
firing patterns of H-type cells revealed that those from morphine treated mice had significantly more
Cluster and Reluctant firing cells than H cells from saline treated mice (x> =9.45;df=2; n=24; P =
0.0033; Fig 4C right). CV was inversely related to average firing rate, with H-cells from mice treated with
morphine comprising most of the cells with high CVs and low firing rates for the same current strength
(Fig 4D). These data indicate that 14 days of daily morphine increases the variability in firing of H-cells
but not D-cells and may impair the ability of H-cells to repetitively fire.

To examine repetitive firing ability, we compared the initial and final firing rates achieved in
response to two second current pulses from 10 — 120 pA in cells from mice treated with either saline or
morphine. Sample D-cell recordings are shown in Fig 5A (saline-treated left, morphine-treated right)
and sample H-cell recordings are shown in Fig 6A (saline-treated left, morphine-treated right). We
computed instantaneous firing vs. time curves for each current strength (D-cells: Fig 5B; H-cells: Fig 6B)
and then constructed average F - | curves. Since Continuous and Cluster firing neurons showed spike
frequency adaptation (SFA), we constructed F - | curves for both the initial firing rate, measured
between the first two spikes, and the final firing rate, measured as the average rate of the last seven

spikes, or the average over two seconds when there were fewer than seven spikes. F - | curves were
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then averaged across cells and the average curves (+ SEM) for D-cells and H-cells from each treatment
condition are illustrated in Fig 5C and 6C, respectively.

To compare the F - | curves we used a two-way rmANOVAs. Examining the initial firing rate for
D-type cells we found that the rmANOVA was not significant for treatment (df = 1, F-ratio = 0.00013, P =
0.99) or for the interaction between treatment and current strength (df = 11, F-ratio = 0.16, P = 1.0) and
there were no differences between treatments at any current strength as determined by Bonferroni
post-hoc testing (all p values > 0.97; Fig 5C top). Similarly, for D-cell final firing rate, the rmANOVA was
not significant for treatment (df = 1, F-ratio = 0.47, P = 0.50) or for the interaction between treatment
and current strength (df = 11, F-ratio = 0.59, P = 0.83) nor were there any significant differences
between treatments at any current strength as determined by Bonferroni post-hoc testing (all p values =
1.0; Fig 5C, bottom). Thus, two weeks of daily morphine treatment did not alter the repetitive firing
ability of D-cells compared to two weeks of daily saline treatment.

In contrast, the average F - | curves for initial and final firing rates for H-cells from mice treated
with morphine were largely not overlapping with the F - | curves obtained from mice treated with saline.
H-cells from morphine treated mice had on average a 35.0 £ 5.3 % and 40.9 + 4.1 % decrease in average
firing rate across 10-120 pA of current injection for the initial and final firing rates respectively (Fig 6 C).
While the rmANOVA for initial firing rate was not significant for treatment (df = 1, F-ratio = 2.36, P =
0.14) or interaction (df = 11, F-ratio = 2.25, P = 0.05), there were significant differences between
treatments at most current strengths as indicated by Bonferroni post-hoc testing (Fig 6 C, top). A similar
pattern was apparent for the final firing rates. While the rmANOVA for final firing rate was not
significant for treatment (df = 1, F-ratio = 1.91, P = 0.19) or interaction (df = 11, F-ratio = 1.96, P = 0.09),
there were significant differences between treatments at most current strengths as indicated by
Bonferroni post-hoc testing (Fig 6C, bottom). Thus, chronic morphine altered H-cell firing by increasing

the numbers of H-cells with Cluster and Reluctant firing patterns and diminishing the ability of
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continuous and cluster firing H-cells to repetitively fire, while having no detectable effects on the firing
ability of D-cells recorded from the same brain slices.

It was also apparent from these recordings that both D- and H- cells showed changes in spike
shape during repetitive firing. To determine if our morphine treatment impacted these changes, we
measured how spike amplitude, maximal rising rate and halfwidth varied with spike number. Since
firing rate can influence these shape changes, successive spike shapes were evaluated from traces
where the final firing rate reached ~10 spikes per second. This revealed that successive action
potentials from both D- and H- cells decreased in amplitude, decreased in maximal rising rate and
increased in half-width. We found that between the first and tenth spike, action potentials from D-cells
recorded in slices from saline-treated mice (n = 13) decreased in amplitude by 25.6 + 2.3 %, while
maximal rising rate decreased by 53.7 + 3.6 % and half-width increased by 44.5 + 4.2 %. None of these
changes were statistically different in D-cells recorded in slices from mice treated with morphine (n =
17). These action potentials decreased in amplitude by 24.5 + 1.1 % (df = 28, t =0.462, P = 0.65),
maximal rising rate decreased by 54.8 + 1.4 % (df = 28, t = 0.308, P = 0.76) and half-width increased by
46.0+3.7 % (df = 28, t =0.2668, P = 0.79). Over the first 10 spikes, action potentials from H-cells
recorded in slices from saline-treated mice (n = 11) decreased in amplitude by 20.8 + 2.0 %, while
maximal rising rate decreased by 47.1 + 3.6 % and half-width increased by 35.3 + 4.8 %. In contrast to D-
cells, H-cells recorded in slices from mice treated with morphine (n = 8) had action potentials that
showed statistically greater changes in these parameters. Action potential amplitude decreased by 30.0
+3.9% (df =17, t=2.26, P = 0.04), the maximal rising rate decreased by 59.7 + 5.1 % (df = 17,t=2.09, P
= 0.05) and the half-width increased by 56.0 + 8.5 % (df = 17, t = 2.26, P = 0.03). Thus, fourteen daily
injections of morphine exaggerated the processes underlying spike amplitude decrease and spike

slowing during repetitive firing in H-cells but not in D-cells.
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Four-weeks of withdrawal was sufficient to reverse the soma size decrease of orexin neurons and
impaired excitability of H-cells

The decrease in orexin neuron soma size produced by two weeks of morphine exposure was
shown previously to recover by four weeks of withdrawal (Thannickal et al., 2018). We therefore
determined whether four weeks of withdrawal was sufficient for soma size in the orexin-EGFP
subpopulation to recover, and if the impaired excitability of H-cells from morphine-treated mice
persisted or recovered.

We measured soma size of orexin-EGFP neurons from mice in the Withdrawal cohort and found
that the per-animal soma size averages were not different between groups four weeks after the end of
the saline or morphine treatments (Fig 7A; Saline: 191.3 + 12.89 um?, n = 5; Morphine: 195.56 + 5.16
um?, n=5;t=0.582,df =8 p=0.771, ). The similarity of cell sizes for the two treatment groups after
four weeks of withdrawal was also clearly reflected in the overlapping distributions of individual cell
sizes (Fig 7B) which were not statistically different based on the Kolmogorov-Smirnov test (D = 0.007, P =
1.0).

Comparing the electrical properties of D- and H-cells four weeks after the end of saline or
morphine treatment revealed that H-cell spike parameters that differed between morphine and saline-
treated mice in the Addiction cohort were no longer different among H-cells from the Withdrawal
cohort (Table 2). Moreover, passive properties and spike-shape parameters that were not different in
neurons from the Addiction cohort, were also not different in neurons from the Withdrawal cohort
suggesting that no additional changes emerged during this period. Thus, following four weeks of
withdrawal, the rheobase observed for H-cells from morphine-treated mice was no longer larger than
that for H-cells from saline-treated mice. Similarly, spike parameters like amplitude, maximal rate of
rise, maximal falling rate, width at half max, and AHP minimum in morphine treated H-cells were no

longer different from those measured in saline-treated H-cells following four weeks of withdrawal. This
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indicates that the impaired spike-generation mechanisms which resulted in smaller and slower spikes in
H-cells following morphine treatment, either recovered or were compensated for by alternative
mechanisms following four weeks of withdrawal.

A similar picture emerged from analysis of the repetitive firing ability of D- and H-cells from mice
in the withdrawal cohort. After four weeks of withdrawal, H-cells from morphine-treated mice no
longer showed an increase in the fraction of cells with cluster or reluctant firing patterns compared to H-
cells from saline-treated mice (Fig 7 C; X? = 1.32, df = 2, P = 0.294). Moreover, neither the initial (Fig D,
E) nor final F - | relations (Fig 7 F, G) of D- and H-cells from morphine-treated mice were different
compared to those from saline-treated mice after four weeks of withdrawal, (Fig 7 D-cells: D, F; H-cells:
E, G). This was determined using a 2-way rmANOVA analyses for initial firing rate (D-cells: Saline vs.
Morphine, df =5, F-ratio = 1.034, P = 0.397; H-cells: Saline vs Morphine, df = 11, F-ratio=1.032, P =
0.419) and final firing rates (D-cells: Saline vs. Morphine, df = 11, F-ratio = 0.365, P = 0.969); H-cells:
Saline vs. Morphine, df = 11, F-ratio = 0.333, P = 0.978). Bonferroni-corrected post-hoc tests of firing at
each current strength also did not reveal any statistical differences between treatments.

Thus, neither the decrease in soma size not the decrease in excitability of H-type orexin-EGFP
neurons following two weeks of daily morphine treatment were still apparent following four weeks of
passive withdrawal.

A single injection of morphine was insufficient to impair excitability of H-type orexin neurons

On the last treatment day, Addiction cohort mice received a final injection of either saline or
morphine two hours prior to brain slice preparation. To test for possible lingering effects of morphine
from this dose, we injected a different cohort of orexin-EGFP mice (1-day cohort) with a single injection
of either saline or morphine (50 mg/Kg) and prepared brain slices two hours later.

We found that there were no significant differences in the passive properties or action potential

shape between orexin neurons from saline- and morphine-treated 1-day cohort mice, for either D or H
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cells (Table 3). However, rheobase was lower by ~35 % (4 pA), for H-type neurons from morphine-
injected mice compared to saline-treated controls (Table 3). Notably, this was opposite to the change in
rheobase following two weeks of daily morphine injections, where H-cells required additional
depolarizing current to fire a spike.

Most of both D- and H-cells displayed a “continuous” firing pattern following a single saline or
morphine injection (Fig 8A) and there was no significant impact of the morphine injection on the
distribution of firing patterns expressed by D- or H-cells (D-cells: X2 = 3.75, df =2, N = 38, P = 0.384; H-
cells: X*=4.13 (df =2, N =30, P = 0.131). There was also no evidence that a single dose of morphine
impaired repetitive firing of H-cells (Fig 8 B right, C right). Rather, we found that the initial, but not final
firing rates were modestly increased (10-15 %) at a few current strengths for H- and D- type neurons (Fig
8B, C) as determined by Bonferroni post-hoc testing following 2-way rmANOVAs of D- and H-cell firing
rates with treatment (Saline vs. Morphine), current strength and their interaction (treatment * current)
as factors. For H-cells, neither the initial firing rate rmANOVA was significant for treatment (df = 1, F-
ratio = 2.35, P = 0.139) or interaction (df = 11, F-ratio = 0.614, P = 0.816), nor was the final firing rate
significant for either treatment (df = 1, F-ratio = 0.680, P = 0.418) or interaction (df = 11, F-ratio = 0.734,
P =0.706). Nevertheless, post-hoc testing identified the Initial firing rate of H-cells to be higher
following a single morphine injection at 40, 50, 70, 90 and 100 pA (Fig 8 B, right). For D-cells, neither the
initial firing rate (df = 1, F-ratio = 1.478, P = 0.232; Fig 8 B, left) nor final firing rate (df = 1, F-ratio = 0.936,
P = 0.340; Fig 8C, left) rmANOVA was significant for treatment but both were significant for the
interaction term (Initial rate: df = 11, F-ratio = 2.863, P = 0.001; Final rate: df = 11, F-ratio=1.852, P =
0.045). Post-hoc testing revealed that the Initial firing rate was higher following morphine treatment at

110 and 120 pA, but that there were no differences at any current steps for final firing rate.

Thus, a single morphine exposure was insufficient to impair spike generation or repetitive firing

ability of H-cells. This indicates that the reduced excitability after two weeks of daily morphine injections
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does not result from the acute effects of morphine lingering from the last injection and that more than a
single morphine dose is necessary to induce these changes. Instead, a single injection of morphine

appeared to produce a modest increase in excitability of D- and H-cells.

Chronic morphine exposure downscales the F-I gain of H-type orexin neurons

To compare the within-treatment effects of saline or morphine on the firing ability of D- and H-
cells, we superimposed the average F - | curves from the 1-Day, Addiction and Withdrawal cohorts for
each treatment. F - | curves were then compared by two-way rmANOVAs with cohort, current and the
interaction (cohort *current) as factors. This was followed by Bonferroni post-hoc tests at each current
strength. This analysis underscored that while there were only a few pair-wise differences between F - |
curves for D-cells from all cohorts (not shown), there were substantial differences between F - | curves
for H-cells from cohorts treated with saline and morphine. Fig 9 A illustrates these differences for the
final firing rate F - | curves following saline- (left) and morphine- (right) treatment, although initial firing
F - | curves showed similar differences (data not shown). The rmANOVA was not different for the saline-
treated cohort factor (df = 2, F = 0.89, P = 0.42) or for the interaction term (df = 22, F=0.88, P = 0.63),
but post-hoc testing indicted there was a significant 5 - 6 sps lower average final firing rate for current
strengths between 60 - 100 pA for saline-treated H-cells from the Addiction cohort compared to those
from the 1D cohort (P < 0.005; Fig 9 A, left). This suggests that daily saline injections also modestly
reduced the firing ability of H-cells.

For the morphine-treated H-cell cohorts (Fig 9 A right), the final firing rate rmANOVA was
significant for the cohort factor (df =2, F=8.59, P = 0.001), but not for the cohort * current interaction
(df =22, F=1.25, P =0.21). However, post-hoc testing between the 1-Day and the Addiction cohorts
revealed large reductions in mean firing rate of ~6 - 13 sps at each current strength (p < 1 x 10°® for each
current). Post-hoc testing also found that the mean firing rates of H-cells in the Addiction cohort were

6-8 sps lower than that from the Withdrawal cohort over most current strengths (30 — 110 pA; p < 0.01).
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There were also smaller (~ 5-6 sps), but still significant differences between 1-Day and Withdrawal
cohorts over a range of currents (40 — 70 pA, and 100 pA, p < 0.05 for each). Thus, the most depressed
F-I curves were expressed by H-cells from mice treated with daily morphine injections for two weeks. In
contrast, the F-I curves were most robust for cells from mice in the 1-day cohort who received a single
morphine injection, while F-I curves achieved intermediate levels following 4 weeks of withdrawal from
two-weeks of morphine treatment.

To estimate the how the shape of these F - | curves differed between treatments, we fit these
average curves with second order polynomials (Fig 9A; solid lines). We then estimated the average firing
rate gain for each condition by taking the derivative of these best-fit polynomials and compared the gain
curves by plotting them against their corresponding firing rates (Fig 9 B). In this representation, purely
additive or subtractive changes to the F - | curve, like those resulting from shunting inhibition, which
translate the F - | curve along the current axis, result in gain-firing rate curves that are superimposed
(Chance, Abbott and Reyes, 2002). Rather than producing a subtractive effect, two weeks of morphine
treatment resulted in a striking downscaling in firing gain. Compared to H-cells from mice treated with
saline for two weeks, the lowest firing rate for neurons from morphine-treated mice (Ko) was reduced by
76 % and their coefficients for the linear (K;) and squared current terms (K3) of the best-fit polynomial
was reduced by 35 % and 87 %, respectively (Fig 9B, left panel arrow). These reduced coefficients reflect
the lower and nearly constant gain - firing curve for morphine-treated neurons. This is a divisive
reduction in firing gain of ~55 % for small inputs but the magnitude of this gain reduction decreases at
higher firing rates where it approaches the firing gain of H-cells from saline-treated mice at their highest
firing rates. This predicts that H-cells from morphine-treated mice will have a reduced ability to encode
input signals into firing rate changes and that the impairment will be worse for smaller inputs. This

representation also illustrates the lower gain-firing relation for H-cells from the saline-treated Addiction
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cohort compared to the saline-treated H-cells from the 1-day cohort. As noted above, this is consistent
with the s.q. injections themselves attenuating the firing gain of H-type orexin neurons.

Following four weeks of withdrawal, neurons from morphine treated mice have gain — firing rate
relations that correspond well to that of cells recorded from saline treated mice after four weeks of
withdrawal. This indicates that the decreased encoding capability of H-type orexin neurons after
chronic morphine exposure is mostly reversed following four weeks of morphine abstinence.
Nevertheless, peak gains remain lower than that for neurons recorded after a single dose of morphine
or saline (Fig 9 B Right, short arrow).

D & H-type orexin neurons are intermingled throughout the orexin field

It has been proposed that the orexin cell field is organized into a functional topography (Harris
and Aston-Jones, 2006) based, in part, on the finding that orexin neurons lateral to the fornix increase c-
fos labelling following the development of a conditioned place preference to morphine (Harris et al.,
2007). We therefore examined the distribution of our sampled D- and H-cells with respect to the fornix.
We plotted the locations of all neurons we identified from the Addiction, Withdrawal, and 1-Day cohorts
onto four corresponding atlas pages (Franklin and Paxinos, 2008) from bregma -1.58 mm to -1.94 mm
according to their distances from the fornix and mammillothalamic tract (Fig 10A). We then bisected
the orexin field into medial and lateral parts with a line through the fornix to determine their
distribution on either side. This showed that while ~¥60% of our recorded cells were lateral to the fornix,
both cell types were distributed throughout the orexin field (Fig 10B). A similar proportion of D- and H-
cells were sampled on either side of the fornix, with ~57 % D- and ~43% H-cells on both the medial
(DMH/PFA) and lateral (LH) sides (Fig 10 C). When we examined the anterior-posterior distribution of D-
and H-cells (Fig 10 D), we found that H-cells were enriched lateral to the fornix in the most rostral

section while D-cells were enriched lateral to the fornix in the next two more posterior sections. Thus,
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while D and H-cells are present throughout the orexin field, H cells are overrepresented in the most

rostral LH and D-cells are overrepresented more caudally in the LH.

Discussion

In this study we found that chronic morphine decreased orexin-EGFP soma size, but did not
decrease Cr, or increase in Rm. Instead, we found a impairment in excitability of H-type orexin neurons
while D-type orexin neurons were entirely spared. A single morphine injection was insufficient to induce
this impairment, and four weeks of passive withdrawal was sufficient to reverse the impaired H-cell
excitability and soma size decrease. Finally, D- and H-cells were distributed throughout the orexin cell
field, but we found H-cells were enriched rostrally, while D-cells were enriched more caudally within the

LH.

Somatic structural plasticity resulting from chronic morphine exposure

Chronic exposure to drugs of abuse produces well-documented structural changes in spines,
dendrites and somata of reward circuitry neurons (Robinson and Kolb, 2004; Russo et al., 2010). The
effect of chronic morphine on orexin soma size appears similar to its effect on VTA DA neurons.
Notably, chronic morphine, but not ethanol or psychostimulants, decreases soma size of VTA dopamine
neurons and increases spontaneous firing in vitro and in vivo (Sklair-Tavron et al., 1996; Mazei-Robison
et al., 2014; Simmons, Wheeler and Mazei-Robison, 2019). Moreover, firing rate and soma size are
tightly linked in VTA DA neurons, since augmenting firing with a dominant-negative K* channel subunit
(KCNAB2) decreased soma size, while suppressing firing with Kir2.1 prevented morphine-induced soma
size decreases (Mazei-Robison et al., 2011; Koo et al., 2012). However, unlike VTA DA neurons,
morphine directly inhibits ~50% of orexin neurons in vitro (Li and van den Pol, 2008) and chronic
morphine did not alter spontaneous firing of orexin-EGFP neurons in vitro, suggesting a different

mechanism may be involved in orexin neurons. Nevertheless, systemic morphine was reported to
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induce sustained firing of putative orexin neurons in vivo (Thannickal et al., 2018) which may suffice to
drive the soma size decrease in orexin neurons if similar signaling pathways are engaged by chronic
morphine. Future experiments should determine if orexin neurons are regulated by such activity-

dependent processes.

H- but not D-type orexin neurons showed impaired excitability following chronic morphine

Changes in intrinsic excitability have been described throughout the reward system following
both repeated non-contingent and contingent drug exposure (Kourrich, Calu and Bonci, 2015; Hearing,
2019). Multiple mechanisms are involved and vary depending on cell-type (Kourrich and Thomas, 2009;
Kim et al., 2011) and conditions (Mu et al., 2010). The impaired excitability we found in H-type orexin
neurons included changes in spike generation that were consistent with attenuated voltage-gated
sodium currents (increased rheobase, reduced spike amplitude and rise-times, that were exacerbated
with sequential spikes). These effects are similar to changes reported in ventral subiculum neurons
during amphetamine withdrawal (Cooper et al., 2003) and in medium spiny NAc neurons during cocaine
withdrawal (Zhang, Hu and White, 1998). Numerous other currents have also been linked to impaired
repetitive firing (irregular and slower firing) following chronic drug exposure (Ishikawa et al., 2009; Chen
et al., 2013; Kourrich et al., 2013; Leyrer-Jackson, Hood and Olive, 2021) and are among the numerous

candidates underlying impaired H-cell excitability.

Functional roles and hypothalamic distribution of orexin neurons

Selective excitability impairment of H-cells by chronic morphine may indicate that they are more
engaged in reward processing than D-cells. Conversely, D-cells may be more engaged with regulating
arousal, since six hour of sleep deprivation selectively increased their excitability (Briggs et al., 2019).
Importantly, both findings support the idea that D- and H-cells are functionally specialized, as originally

proposed based on differences in glucose sensing (Williams et al., 2008a).
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It has been proposed that LH orexin neurons lateral to the fornix regulate reward processing and
preferentially project to the VTA and NAc, while PFA/DMH orexin neurons medial to the fornix regulate
arousal and stress and preferentially project to LC, TMN and LDT/PPT (Harris and Aston-Jones, 2006).
However, D- and H-cells were intermixed throughout the entire orexin field, as previously observed
(Williams et al., 2008a). We did find that H-cells were enriched in the most rostral LH region and D-cells
were enriched more caudally in the LH. This implies that rostral LH orexin neurons expressing increased
c-fos to reward cues (Harris, Wimmer and Aston-Jones, 2005; Fragale et al., 2019; James et al., 2019)
would be enriched in H-cells while more caudal LH orexin neuron may be enriched in D-cells.
Nevertheless, while orexin neurons projecting to the LC and/or TMN appear distinct from those
projecting to the VTA and/or NAc, these neurons are intermingled without medial-lateral segregation
(lyer et al., 2018). Moreover, both D- and H-cells project to VTA and LC, but 80 % of these projections
were comprised of D-cells (Gonzalez et al., 2012), raising the possibility that H-cells preferentially project
elsewhere. Identifying those targets would be facilitated by molecular markers, but profiling has yet to
distinguish D- or H-cells (Yelin-Bekerman et al., 2015; Mickelsen et al., 2017; Mickelsen et al., 2019; Sagi,

de Lecea and Appelbaum, 2021).

Impaired encoding and decoding by H-cells following chronic morphine

Increased firing rate variability and the downscaling of firing gain diminishes the ability of H-cells
to encode synaptic inputs into firing rate changes, with the largest impairment occurring for the smallest
inputs (Fig 9). Orexin neurons normally encode both rapid sensory-motor signals (Mileykovskiy,
Kiyashchenko and Siegel, 2005; Hassani et al., 2016; Karnani et al., 2020) and slower signals related to
arousal, metabolism and reward (Lee, Hassani and Jones, 2005; Mileykovskiy, Kiyashchenko and Siegel,

2005; Williams et al., 2008a; Karnani et al., 2011). Since both initial and steady-state firing gain was
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reduced, our findings suggest the fidelity of both fast and slower signals would be degraded following

chronic morphine.

Impaired firing would also be expected to attenuate the ability of H-cells to release the
neuropeptides co-expressed by orexin neurons (for review see Ma et al., 2018). Orexin and dynorphin
appear co-packaged into dense-core vesicles (Muschamp et al., 2014) which require higher frequency
and longer spike trains for exocytosis than do small vesicles (van den Pol, 2012). Although studies of
orexin-mediated synaptic currents are limited (Sears et al., 2013; Schéne et al., 2014), orexin fibers
innervating the tuberomammilary histaminergic neurons required prolonged firing at > 10 Hz to
generate an orexin-dependent slow EPSP, while AMPA EPSPs followed at all frequencies (Schone et al.,
2014). Following chronic morphine, H-cells required about twice the input current to achieve firing rates
(> 10 Hz) consistent with peptide release (Fig 6; ~¥30 pA saline-treated vs. ~60 pA morphine-treated
mice). Since orexin and dynorphin have opposing actions whose relative strengths differ by target (Li
and van den Pol, 2006; Baimel et al., 2017), impairment of H-cell peptide release could differentially
impact their targets if D- and H-cells have divergent connections. This may be especially relevant for
connections with VTA DA neurons where optical activation of orexin/dynorphin afferents enhances
excitation of a majority of lateral shell-projecting VTA DA neuron but inhibits activity in a majority of
medial shell- and amygdala-projecting DA neurons (Mohammadkhani, Qiao and Borgland, 2024). If D-
and H-cells differentially innervate these targets, impaired peptide release from H-cells could alter the

balance of activity in these DA output circuits which may promote motivation for drug seeking.

Orexin system adaptations following chronic morphine and cocaine, including increased neurons
(Thannickal et al., 2018; James et al., 2019) with enhanced innervation of LC (McGregor et al., 2022) and
VTA (McGregor et al., 2024), are consistent with greater peptide biosynthesis and release. OX1 signaling

sustains motivation for cocaine and fentanyl consumption without altering their reward value (Bernstein
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et al., 2018; Fragale et al., 2019; James et al., 2019). Intriguingly, enhanced motivation for drug
consumption resulting from use of an intermittent access (IA) behavioral economics paradigm, further
augmented the numbers of orexin neurons and increased the sensitivity of the drug demand curves to
the OX1 antagonist SB-334867, requiring only 30% of the dose needed under lower motivation
conditions to attenuate demand (James et al., 2019; Fragale, James and Aston-Jones, 2021). This was
interpreted to mean that high motivation drug seeking had become more orexin-dependent, perhaps
due to greater abundance and release of orexin peptide (James and Aston-Jones, 2022). However, our
findings may suggest an alternative interpretation: Perhaps the augmented immunostaining of orexin
somata and terminals, representing the “orexin reserve”, results from peptide accumulation in H-cells
from decreased release due to impaired excitability. Decreased release might also explain the greater
efficacy of antagonists under conditions of high motivation, since there would be lower orexin receptor
occupancy and less competition for antagonist. Future research should address this possibility by

measuring peptide release, excitation-release coupling and orexin receptor efficacy.

In summary, our findings demonstrate that daily morphine exposure produces a selective,
accumulating, and reversible impairment of intrinsic excitability in H-type orexin neurons while sparing
D-type neurons recorded from the same slices. Morphine treatment also decreased orexin soma size,
which, like H-cell excitability, recovered over 4 weeks of passive withdrawal. Our findings reinforce the
idea that orexin neurons with D- and H- response properties are functionally distinct and suggest that
the ability of H-cells to encode inputs and transform them into orexin and dynorphin release becomes
impaired with morphine dependence. We speculate that these changes contribute to dysregulating the

“orexin reserve” and may promote drug seeking.
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Figure Legends:

Figure 1: Orexin-EGFP soma size was decreased following chronic morphine.

A. Schematic of experimental cohorts, injection timing and tissue preparation. B. Low power (4x
objective) and C. higher power (40x objective) epifluorescence images of EGFP-positive neurons within
the orexin neuron field. Anti-orexin-A immunofluorescence (red), anti-GFP immunofluorescence
(green). D. Efficacy (percent orexin immunopositive neurons also expressing GFP immunofluorescence)
and specificity (percent GFP immunopositive neurons also expressing orexin immunofluorescence). E.,
F. Brightfield low power (E) and higher power (F) of GFP-immunopositive neurons visualized with VIP.
Yellow polygon delineates the soma outline (F) used for measurements in G-J. G. GFP-immunopositive
soma area per mouse from saline-treated (S; blue symbols) and morphine-treated (M; red symbols)
mice. H. Histogram of all measured GFP-immunopositive soma sizes from each treatment group (S,
blue, n = 356 cells; M, red, n = 440 cells). I. Cumulative fraction of soma sizes from each treatment
group (S, blue symbols; M, red symbols; Kolmogorov-Smirnov test p < 0.0001. Abbreviations: f, fornix; S,

saline-treated; M, morphine-treated. Numbers are reported as mean + sem.

Figure 2: Neither capacitance nor input resistance was altered by chronic morphine in D- or H-type

orexin neurons.

A. Recorded orexin neuron visualized by fluorescence from expressed EGFP (left, top) and Alexa-594-
biocytin in the pipette solution (left, middle; images merge left, bottom). Corresponding membrane
current (right, top) and voltage (right, bottom) traces from this recorded cell used to estimate C,, and

Rm. B., C. Example voltage traces from a D-cell (B) and H-cell (C). Arrows point to the characteristic
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depolarizing (D-cells) or hyperpolarizing (H-cells) membrane responses following termination of a
hyperpolarizing current pulse. D. Spike ratio versus time to first spike following the hyperpolarizing
current pulse used to elicit D and H-type responses. E. Distribution of Cr, for D-cells (D) and H-cells (H).
C, from D-cells in slices from saline- (blue symbols) or morphine- (red symbols) treated mice, or from H-
cells in slices from saline- (green symbols) or morphine- (pink symbols) -treated mice. F. Distributions of

Rm for D- and H- cells from Saline- and Morphine - treated mice (colors as in E).

Figure 3: H-type, but not D-type orexin neurons have smaller, wider action potentials following two

weeks of chronic morphine.

A. Superimposed action potentials from representative D-cells following saline- (blue) or morphine-
(red) treatment (left) and from H-cells following saline- (green) or morphine- (pink) treatment (right). B
— E. Distributions of spike shape parameters for D-cells (left) and H-cells (right) following either saline (S)
or morphine (M) treatment (colors as in A). The average spike amplitude (B; AP Amplitude), minimum
value of the afterhyperpolarization (C; AHP Minimum), maximum rate of rise (D; Max rising slope) and
maximal falling rate (E; Max Falling Slope) were all altered for H-cells, but not D-cells from morphine-

treated mice compared to saline-treated mice. B — E. Horizontal lines indicate mean values.

Figure 4: Chronic morphine increased spike-rate variability in H-type, but not D-type orexin neurons.

A. Repetitive firing examples from three orexin neurons in response to mid-range depolarizing currents
illustrating “Continuous” (top), “Cluster” (middle), and “Reluctant” (bottom) firing patterns. B.
Distribution of firing rate coefficient of variations (CVs) resulting from an 80 pA current step for D-cells

(left) from saline (S; blue symbols) and morphine (M; red symbols) -treated mice and H-cells (right) from
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saline (S; green symbols) and morphine (M; pink symbols) -treated mice. A CV of 0.22 at 80 pA of
current injection (horizontal lines) was selected to distinguish continuous (< 0.22 ) and cluster (> 0.22)
firing types. C. Percent of D- (left) and H- (right) cells identified with each firing pattern. Colors indicate
cell-type and treatment group as in B. Firing pattern indicated by bar saturation (Continuous: 100%;
Cluster: 50% and Reluctant: 25%) D. Coefficient of variation (CV @ 80 pA) versus average firing rate at 80
pA of current injection (Ave FR @ 80 pA), horizontal line indicates a CV of 0.22. Colors indicate cell-type

and treatment group as in B.

Figure 5: Chronic morphine exposure did not alter the firing capability of D-type orexin neurons.

A. Example repetitive firing of D-cells with continuous firing patterns evoked by 40, 80, and 120 pA
current pulses from a saline- (left) and a morphine-treated (right) mouse. B. Corresponding
instantaneous firing rate curves for the traces in A (saline: blue symbols; morphine: red symbols). C.
Initial Rate (Mean * SEM) vs. current (I) curves (Top) and Final Rate (Mean + SEM) vs. current () curves

(Bottom) for D-cells. Colors as indicated in B.

Figure 6: Chronic morphine exposure impaired the firing capability of H-type orexin neurons.

A. Example repetitive firing of H-cells with continuous firing patterns evoked by 40, 80, and 120 pA
current pulses from a saline- (left) and a morphine-treated (right) mouse. B. Corresponding
instantaneous firing rate curves for the traces in A (saline: green symbols; morphine: pink symbols). C.
Initial Rate (Mean * SEM) vs. current (I) curves (Top) and Final Rate (Mean + SEM) vs. current () curves

(Bottom) for H-cells. Colors as indicated in B. Differences between treatments were found for firing at
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most current strengths as indicated by Bonferroni post-hoc testing. * p < 0.05; *** p < 0.005; # p <

0.001; ## p < 0.0001.

Figure 7: After four weeks of recovery, differences in soma size and intrinsic excitability were no

longer apparent.

A. Average soma size per mouse for saline-treated (S, blue symbols, n = 5) and morphine-treated mice
(M, red symbols, n = 5) were not significantly (n.s) different four weeks after the end of treatment. B.
Cumulative distribution of individual soma sizes from saline-treated (S, open blue symbols, n = 148) and
morphine-treated mice (M, open red symbols, n = 156) measured four weeks after the end of
treatment. C. Distribution of recorded D- (Left) and H-cells (Right) with “continuous”, “cluster” and
“reluctant” firing pattern from slices made following four weeks of withdrawal after saline-treatment (S,
Blue for D-cells; Green for H-cells) and morphine-treatment (M, red for D-cells; pink for H-cells). The
distribution of H-cells from morphine-treated mice was not significantly (n.s.) different from that from
saline-treated mice. D-G. Firing frequency (mean * SEM) — current () curves for initial rates (D, E) and

final rates (F, G) for D- cells (D, F) and H-cells (E, G). Colors as in C. Abbreviations: n. s., not significant; S,

saline-treated; M, morphine-treated; Wth, Withdrawal cohort; sps, spikes/second.

Figure 8: A single morphine injection did not impair firing of D- or H-type orexin neurons.

A. Distribution of recorded D- (Left) and H-cells (Right) with “continuous”, “cluster” and “reluctant”
firing patterns from slices made following a single injection of saline (S, Blue for D-cells; Green for H-
cells) or morphine (M, red for D-cells; pink for H-cells). Percent of D and H-type orexin neurons with

each repetitive firing pattern. B, C. Firing frequency (mean * SEM) — current (l) curves for initial (B) and
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final (C) firing rates following a single saline or morphine injection for D-cells (Left) and H-cells (Right).
Statistical significance for Bonferroni-corrected pairwise post-hoc tests (* P < 0.05; ** P < 0.01; *** P <
0.005; ## P < 0.0001). Abbreviations: n. s., not significant; S, saline-treated; M, morphine-treated; 1Day,

Single injection cohort; sps, spikes/second.

Figure 9: Chronic but not acute morphine exposure downscales firing gain of H-type orexin neurons

A. Final firing rate (mean * SEM) vs. current (1) curves for H-cells are superimposed for saline-treated
cohorts of mice (left, green symbols) and morphine-treated mice (right, pink symbols). The 1-day cohort
(1Day) is darkest, the Addiction cohort (ADD) is lighter, and the Withdrawal cohort (WTH) is lightest.
Corresponding sold lines are best-fit second order polynomials. B. Comparison of mean firing rate gain
vs. mean firing rate for each cohort. The left graph compares the gain-firing relation for morphine-
treated H-cells from the Addiction cohort to those from the saline-treated H-cells from each cohort. The
downward arrow connects the gain-firing curve from saline-treated and morphine-treated cells from the
Addiction cohort to illustrate the downscaling produced by morphine treatment. Right graph compares
the gain-firing relation for morphine-treated H-cells from the Addiction cohort to those from the
morphine-treated H-cells from the other cohorts. The long upward arrow connects the curve from the
morphine-treated Addiction cohort to that of the Morphine-treated withdrawal cohort to illustrate the
recovery from downscaling following 4 weeks of morphine abstinence. The shorter arrow connects the
Withdrawal cohort curve to the 1-day morphine cohort curve to illustrate that after 4 weeks of
morphine abstinence, the gain-firing relation is still reduced. The curve from the saline-treated mice

from the 1-day cohort is shown in each graph for reference.
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Figure 10. D- and H- type orexin neurons were intermingled throughout the orexin neuron field.

A. Recorded D- (blue symbols) and H-cells (red symbols) were mapped onto four atlas sections spanning
from -1.58 mm to -1.94 mm from bregma. Dotted line bisects the fornix to divide each section into
medial and lateral regions. B. Percent of recorded cells (n = 182) medial (M) and lateral (L) to the fornix.
C. Percent of cells recorded on each side that were identified as D- or H-cells. D. Anterior to posterior
distribution of D- and H- cells medial and lateral to the fornix as a percent of cells in each section.
Number of cells mapped to each section indicated in parentheses. Abbreviations: 3V, third ventricle; mt,

mammillothalamic tract; f, fornix; ns, nigrostriatal tract.

Table 1. Cell type properties from mice treated for two weeks with saline or morphine.

Passive and active properties of D-cells (left columns) and H-cells (right columns) from mice treated for
two weeks with a single daily injection of saline or morphine (50 mg/kg). Measured parameters are
displayed as mean = SEM. Columns show D-cell data from mice treated with saline (D-type (Saline)) or
morphine (D-type (Morphine)). Each measurement is followed by the number of cells (n) measured. The
value in the column labelled P is the probability of rejecting the null hypothesis when it is true that the
Saline and Morphine values were drawn from the same distribution computed from a two-tailed, two-

sample T-test with unequal variance.

Table 2. Cell type properties from mice after four weeks of passive withdrawal.

Passive and active properties of D-cells (left columns) and H-cells (right columns) from mice treated for
two weeks with a single daily injection of saline or morphine (50 mg/kg) and then allowed to recover for

4 weeks. Measured parameters are displayed as mean £ SEM. Columns show D-cell data from mice
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treated with saline (D-type (Saline)) or morphine (D-type (Morphine)). Each measurement is followed by
the number of cells (n) measured. The value in the column labelled P is the probability of rejecting the
null hypothesis when it is true that the Saline and Morphine values were drawn from the same

distribution computed from a two-tailed, two-sample T-test with unequal variance.

Table 3. Cell type properties from mice after a single saline or morphine treatment.

Passive and active properties of D-cells (left columns) and H-cells (right columns) from mice treated with
a single injection of saline or morphine (50 mg/kg). Measured parameters are displayed as mean + SEM.
Columns show D-cell data from mice treated with saline (D-type (Saline)) or morphine (D-type
(Morphine)). Each measurement is followed by the number of cells (n) measured. The value in the
column labelled P is the probability of rejecting the null hypothesis when it is true that the Saline and
Morphine values were drawn from the same distribution computed from a two-tailed, two-sample T-

test with unequal variance.
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Passive Properties
Capacitance (pF)
Input Resistance (Gohm)
Active Properties
Rheobase (pA)
Spontaneous Firing Rate (Hz)
Threshold (mV)
Rising Slope Max (mV/ms)
AP Max (mV)
AP Amplitude (mV)
Falling Slope Max (mV/ms)
Width at Half Max (ms)
AHP Min (mV)

Table 1. Cell type properties from mice treated for two weeks with saline or morphine

D-type (Saline)
Mean = SEM

27.26 +1.96
1.13+0.16

15.88 +£1.50
8.34+1.02
-36.97 £ 0.59
203.11 + 8.06
51.35+1.01
88.32+1.22
-88.91 £ 3.64
1.11£0.02
-67.01 £0.92

n

17
17

17
16
16
16
16
16
16
16
16

D-type (Morphine)
Mean = SEM

28.16 + 2.42
1.01 £ 0.09

18.24 +£1.76
9.41+1.39
-37.64 £ 0.66
198.08 + 10.3
49.67 +1.32
87.31+1.34
-87.25+4.49
1.14 £ 0.03
-67.14 £ 0.75

17
17

17
17
17
17
17
17
17
17
17

0.775
0.485

0.317
0.544
0.456
0.703
0.319
0.581
0.777
0.454
0.916

H-type (Saline)
Mean = SEM

25.17 +1.85
0.99 +0.17

22.86+3.22
8.77 £1.28
-38.19+0.48
245.59 + 14.53
52.87+1.78
91.06 + 2.08
-102.08 + 5.88
1.03 £0.03
-68.31+0.80

n

14
14

14
15
15
15
15
15
15
15
15

H-type (Morphine)

Mean = SEM

32.67 +3.55
0.75 + 0.06

33.33+3.29
7.73+£1.51
-36.70 £ 0.73
203.22 +10.10
46.73 + 1.67
83.43 +1.65
-82.15+4.57
1.13 £0.04
-64.89 + 0.83

13
13

13
13
12
12
12
12
12
12
12

0.076
0.186

<0.05
0.601
0.104
<0.05
<0.05
<0.01
<0.05
<0.01
<0.05
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Table 2. Cell type properties from mice after four weeks of passive withdrawal

D-type (Saline) D-type (Morphine) H-type (Saline) H-type (Morphine)
Mean + SEM n Mean = SEM n P Mean + SEM n Mean + SEM n P
Passive Properties
Capacitance (pF) 25.31+2.26 21 32.84+3.11 15 0.061 28.06 +2.17 14 26.74 £ 2.85 14 0.642
Input Resistance (Gohm) 1.41+0.18 21 1.82+0.31 15 0.252 1.46 £0.33 14 1.18 £ 0.19 14 0.466
Active Properties
Rheobase (pA) 11.71 +1.27 21 119+ 1.11 20 0.913 14.78 £ 2.56 14 14.21 +2.47 14 0.964
Spontaneous Firing Rate (Hz) 7.75+1.14 19 7.72 £1.09 19 0.986 548 +1.28 13 8.46 +1.33 14 0.118
Threshold (mV) -38.98 £ 0.79 22 -37.36 + 0.68 22 0.129 -37.79 £ 0.80 14 -39.67 £ 0.73 14 0.141
Rising Slope Max (mV/ms) 180.45 +7.70 22 173.31 + 6.46 22 0.486 203.53 +11.14 14 202.46 +9.08 14 0.942
AP Max (mV) 49.16 + 1.35 22 48.78 + 0.66 22 0.802 51.17 £ 1.26 14 50.22 + 1.49 14 0.632
AP Amplitude (mV) 88.15 + 1.46 22 86.14 £ 0.77 22 0.235 88.96 + 1.46 14 86.43 + 1.62 14 0.751
Falling Slope Max (mV/ms) -80.02 £ 3.23 22 -78.22 +2.49 22 0.665 -89.92 +5.38 14 -89.24 + 4.69 14 0.925
Width at Half Max (ms) 1.26 +0.04 22 1.26 £ 0.03 22 0.958 1.17 £ 0.06 14 1.17 £0.03 14 0.957

AHP Min (mV) -68.11 £ 0.99 22 -65.80 + 0.60 22 0.056 -67.90 £ 1.42 14 -68.16 £ 1.21 14 0.893


https://doi.org/10.1101/2025.03.20.644444
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.20.644444; this version posted March 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Table 3. Cell type properties from mice after a single saline or morphine treatment

Saline D Morphine D Saline H Morphine H
Mean + SEM n Mean + SEM n P Mean + SEM n Mean + SEM n P

Passive Properties

Capacitance (pF) 22.52 £2.07 13 22.29 £1.42 28 0.927 20.83 £1.03 16 20.77 £ 1.65 15 0.974

Input Resistance (Gohm) 1.25 + 231.68 13 1.25+19 28 0.992 1.2 +£207.95 16  1.55+211.45 15  0.256
Active Properties

Rheobase (pA) 13.17 £ 2.51 12 11.08 +1.2 26 0.464 12.38 +1.52 16 8+2.24 13 <0.05

Spontaneous Firing Rate (Hz) 8.5+1.07 12 7.96 + 0.81 24 0.691 10.43+1.74 14 8.75+1.13 14 0428

Threshold (mV) -40.05 + 1.39 11 -39.6 £ 0.61 26 0.773 -39.74+0.86 16 -38.62+0.76 13 0.341

Rising Slope Max (mV/ms) 160.47 £ 9.3 11 152.84 +5.42 26 0.487 186.71+6.55 16 196.18+12.17 13  0.502

AP Max (mV) 52.49 £ 2.05 11 50.72 £ 1.15 26 0.461 53.42 £ 1.57 16 54.96 + 1.17 13 0438

AP Amplitude (mV) 92.54 +1.42 11 90.32 +£1.19 26 0.243 93.16 +1.51 16 93.59 + 1.67 13 0.853

Falling Slope Max (mV/ms) -72.14 +3.62 11 -71.85+2.99 26 0.951 -83.43+4.34 16 -94.27+6.14 13 0.163

Width at Half Max (ms) 1.49 +0.05 11 1.49 + 0.04 26 0.956 1.31+0.04 16 1.22+0.05 13 0.193

AHP Min (mV) -67.51+1.16 11 -67.88 £ 0.6 26 0.781 -70.04 £ 1.10 16 -70.79 £ 0.91 13 0.603
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