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Anterior cingulate cortex is necessary for spontaneous opioid
withdrawal and withdrawal-induced hyperalgesia in male mice
Dillon S. McDevitt1, Greer McKendrick1 and Nicholas M. Graziane2✉

© The Author(s), under exclusive licence to American College of Neuropsychopharmacology 2021

The anterior cingulate cortex (ACC) is implicated in many pathologies, including depression, anxiety, substance-use disorders, and
pain. There is also evidence from brain imaging that the ACC is hyperactive during periods of opioid withdrawal. However, there are
limited data contributing to our understanding of ACC function at the cellular level during opioid withdrawal. Here, we address this
issue by performing ex vivo electrophysiological analysis of thick-tufted, putative dopamine D2 receptor expressing, layer V
pyramidal neurons in the ACC (ACC L5 PyNs) in a mouse model of spontaneous opioid withdrawal. We found that escalating doses
of morphine (20, 40, 60, 80, and 100mg/kg, i.p. on days 1–5, respectively) injected twice daily into male C57BL/6 mice evoked
withdrawal behaviors and an associated withdrawal-induced mechanical hypersensitivity. Brain slices prepared 24 h following the
last morphine injection showed increases in ACC L5 thick-tufted PyN-intrinsic membrane excitability, increases in membrane
resistance, reductions in the rheobase, and reductions in HCN channel-mediated currents (IH). We did not observe changes in
intrinsic or synaptic properties on thin-tufted, dopamine D1-receptor-expressing ACC L5 PyNs recorded from male Drd1a-tdTomato
transgenic mice. In addition, we found that chemogenetic inhibition of the ACC blocked opioid-induced withdrawal and
withdrawal-induced mechanical hypersensitivity. These results demonstrate that spontaneous opioid withdrawal alters neuronal
properties within the ACC and that ACC activity is necessary to control behaviors associated with opioid withdrawal and
withdrawal-induced mechanical hypersensitivity. The ability of the ACC to regulate both withdrawal behaviors and withdrawal-
induced mechanical hypersensitivity suggests overlapping mechanisms between two seemingly distinguishable behaviors. This
commonality potentially suggests that the ACC is a locus for multiple withdrawal symptoms.
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INTRODUCTION
Opioid-use disorder (OUD) is characterized. by chronic relapses
driven, in part, by the desire to avoid withdrawal symptoms [1–3].
Withdrawal symptoms are caused by the cessation of opioid use in
opioid-dependent patients. In the absence of opioids, the central
nervous system becomes hyper-excitable [4]. This is due, in
part, to compensatory changes put in place to overcome
opioid-induced decreases in neuronal excitability. Evidence
suggests that these compensatory changes take place within
spinal and supraspinal regions that are heavily regulated by
opioid-receptor activation, including brain regions involved
in modulating autonomic activity and pain [5–8]. Therefore,
opioid withdrawal is a multifaceted syndrome, resulting in severe
flu-like symptoms, anxiety/restlessness, and hyperalgesia [9–11],
which is why identifying a locus where these symptoms integrate
may be crucial for understanding and perhaps treating opioid
dependence.
The anterior cingulate cortex (ACC) is a brain region capable of

integrating a broad range of neuronal signals spanning multiple
physiological networks. For example, the ACC is implicated in
many cognitive functions, including arousal, reward predictions,
error processing, attention, pain, and decision-making [12–18].
However, the characteristic neuronal signatures that contribute to

ACC activity during opioid withdrawal remain unknown. The ACC
consists of layers I, II–III, and V–VI in both humans and rodents
(layer IV is not present) [19, 20]. Layer I contains interneurons,
layers II–III contain predominantly pyramidal neurons (PyNs), and
layers V–VI contain both PyNs and interneurons, with the PyNs in
layers V-VI serving as the major projection neurons of the ACC.
These projection neurons target key brain regions involved in
reward and motivation, arousal, and pain modulation [21, 22].
Evidence suggests that the neuronal excitability in the ACC is
altered during opioid withdrawal, which may influence down-
stream signaling. Using blood-oxygenated-level-dependent
(BOLD) functional MRI (fMRI), Lowe et al. identified increases in
ACC activation upon naloxone-precipitated withdrawal in
morphine-dependent mice [23]. Similarly, in humans, naloxone-
precipitated withdrawal increased neuronal activity within the
ACC [24]. It was shown, in rats, that ACC glutamate levels are
elevated following naloxone-precipitated opioid withdrawal [25].
In humans, glutamate levels in the ACC are positively correlated
with the number of previous experiences of opioid withdrawal
[26], and during early withdrawal from other drugs of abuse,
including alcohol, ACC glutamate levels are increased [27, 28].
Based on evidence that the ACC may play a key role in the opioid
withdrawal syndrome, we aimed to examine key properties that
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regulate neuronal excitability within the ACC, including synaptic
transmission and the intrinsic excitability of PyNs in layer V (L5) of
the ACC in a mouse model of spontaneous opioid withdrawal.

MATERIALS AND METHODS
All experiments were done in accordance with procedures approved by
the Pennsylvania State University College of Medicine Institutional Animal
Care and Use Committee.
See Supplemental Material.

RESULTS
Escalating morphine administration evokes spontaneous
opioid withdrawal and withdrawal-induced mechanical
hypersensitivity
In order to study the effects of spontaneous withdrawal, we
induced tolerance in mice by administering escalating doses of
morphine (i.p.) over 5 days (Fig. 1A). Twenty-four hours following
the last morphine injection, spontaneous withdrawal was mea-
sured. First, we observed a significant decrease in total locomotor
activity in morphine- vs. saline-treated mice (t(9)= 6.530, p=
0.0001; Student’s unpaired t-test) (Fig. 1B). Second, we observed a
statistically significant increase in the withdrawal score in mice
that received morphine compared with saline controls (t(30)=
11.14, p < 0.0001; Student’s unpaired t-test) (Fig. 1C). This
consisted of a statistically significant increase in the tremors and
shakes (t(30)= 9.604, p < 0.0001; Student’s unpaired t-test) (Fig. 1D),
number of jumps (t(30)= 4.531, p < 0.0001; Student’s unpaired t-
test) (Fig. 1E), and paw flutters (t(30)= 5.882, p < 0.0001; Student’s
unpaired t-test) (Fig. 1F). In addition, there was a statistically
significant increase in piloerection (elevation of hair follicles due to

contraction of arrectores pilorum muscles) in mice treated with
morphine vs. saline (presence of piloerection: saline: 0 of 16 mice;
morphine: 14 of 16 mice) (t(30)= 10.25, p < 0.0001; Student’s
unpaired t-test) (data not shown). No significant difference was
observed in grooming behavior (Fig. 1G) (t(30)= 1.271, p= 0.2135;
Student’s unpaired t-test). These results corroborate findings from
previous reports that showed that mice exposed to escalating
doses of morphine experience spontaneous withdrawal-like
symptoms [29–32].
Given that pain thresholds are reduced during opioid with-

drawal [33], we measured mechanical hypersensitivity in mice
using an electronic von Frey apparatus. We found that on
withdrawal days 1 and 4, morphine-treated mice had a reduced
pain threshold compared with saline controls, but this
effect was no longer present by abstinence day 7 (F(2,36)=
6.684, p= 0.0034; two-way repeated-measures ANOVA with
Bonferroni post-test) (Fig. 1H). The sustained mechanical
hypersensitivity during withdrawal days 1–4 coincides with a
previous report [33].

ACC L5 PyN-intrinsic excitability is enhanced during
spontaneous opioid withdrawal
Next, we investigated the effects of spontaneous withdrawal on
ACC L5 thick-tufted, putative dopamine D2-receptor expressing
(Supplementary Fig. 1) PyN excitability. To assess neuronal
excitability, we measured the number of action potentials
generated during depolarizing current injections 24 h after the
last morphine injection (Fig. 2A). This approach is often used to
measure the intrinsic membrane excitability, which sets the
action potential threshold and determines the firing frequency
[34–38]. We observed that ACC L5 thick-tufted PyNs in
morphine-exposed mice had a significant increase in the

Fig. 1 Escalating morphine exposure induces a spontaneous withdrawal phenotype in mice. A Experimental timeline. Escalating morphine
was administered twice daily over a course of 5 days. Withdrawal monitoring was performed in an open field arena 24 h following the last
dose. Von Frey assessments were performed at withdrawal days 1, 4, and 7, corresponding to experimental days 6, 9, and 12. B (Left)
Representative traces showing mouse locomotor behavior over the course of the 30min withdrawal monitoring. (Right) Summary graph
showing that the total distance traveled was significantly decreased in morphine-treated mice (saline: n= 5; morphine: n= 6). C Summary
graph showing the calculated withdrawal score in saline- vs. morphine-treated mice (saline: n= 16; morphine: n= 16) with each component
broken down into individual summary graphs, including (D) tremors and shakes, (E) jumps, (F) paw flutters, and (G) grooming sessions.
H Summary graph showing mechanical hypersensitivity on withdrawal days 1, 4, and 7 in saline vs. morphine-treated mice (saline: n= 10;
morphine: n= 10). *p < 0.05, **p < 0.01, ***p < 0.001.
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number of action potentials compared with saline controls
(F(8,232)= 8.110, p < 0.0001; two-way repeated-measure ANOVA
with Bonferroni post-test) (Fig. 2B).
We next measured the minimum current required to elicit an

action potential (i.e., rheobase), with decreases and increases in
the rheobase associated with enhanced and reduced neuronal
excitability, respectively [39, 40]. We observed that during
spontaneous opioid withdrawal, morphine-exposed mice had a
significant decrease in the rheobase, measured as the injected
current required to elicit an action potential (t(29)= 3.118, p=
0.0041; Student’s unpaired t-test) (Fig. 2C). This morphine-induced
decrease in the rheobase was due to a significant increase in the
rheobase slope (t(29)= 2.448, p= 0.021; Student’s unpaired t-test)
(Fig. 2D, E), which is associated with a greater voltage deflection in
response to a given injected current.
The observed morphine-induced increase in the IME and

increase in the slope of the rheobase suggest that a depolarizing
current produces a greater voltage change at the soma and a
higher likelihood of an action potential discharge. This result
would be expected if the membrane resistance was increased
during morphine-induced spontaneous withdrawal. To investi-
gate this, we measured the membrane resistance of ACC L5
thick-tufted PyNs during spontaneous withdrawal and found
that morphine-treated mice had a statistically significant
increase in the membrane resistance (t(29)= 2.830, p= 0.0084;
Student’s unpaired t-test) (Fig. 2F). This result coincides with the
morphine-induced increase in the voltage deflection measured
in response to hyperpolarizing current injections (F(3,87)= 9.245,

p < 0.0001; two-way repeated-measures ANOVA with Bonferroni
post-test) (Fig. 2G).
Given that increases in membrane resistance are caused, in part,

by the closure of membrane-bound voltage-gated channels [41], we
assessed action-potential properties of ACC L5 thick-tufted PyNs
during spontaneous withdrawal. We saw no significant changes in
action-potential characteristics, including action-potential threshold
(t(29)= 0.2926, p= 0.7719; Student’s unpaired t-test), peak (t(29)=
0.4039, p= 0.6893; Student’s unpaired t-test), duration (t(29)=
0.0330, p= 0.9739; Student’s unpaired t-test), after hyper polariza-
tion amplitude (t(29)= 0.9218, p= 0.3642; Student’s unpaired t-test),
and after hyperpolarization time (t(29)= 1.053, p= 0.3011; Student’s
unpaired t-test). These results are consistent with the lack of action
potential changes observed after phase-plot analyses (Fig. 2H).
These results suggest that voltage-gated Na+, K+, and Ca2+

channels, that are involved in action potential generation, do not
contribute to the observed increases in membrane resistance during
spontaneous withdrawal.

ACC L5 PyN HCN channel-mediated current is decreased
during spontaneous opioid withdrawal
Increases in IME and membrane resistance can be caused by
reductions in the number of open channels at resting membrane
potentials, thereby allowing smaller currents to have larger
influences on membrane voltage. The HCN channel is expressed
on ACC L5 thick-tufted PyNs [12, 42–44], and blocking HCN-
channel-mediated currents increases neuronal IME and membrane
resistance [45, 46]. Furthermore, a decrease in HCN-mediated

Fig. 2 Spontaneous opioid withdrawal increases ACC L5 thick-tufted PyN excitability. A (Top) Experimental timeline. All recordings
occurred on withdrawal day 1, starting ~2 h following withdrawal monitoring. (Right) Representative low (5×)- and high (40×)-magnification
image of the ACC recording area and patched L5 PyN, respectively. (Left) Locations of recorded cells within L5 of the ACC (saline=black,
morphine=magenta). B Summary data showing that 24 h following escalating morphine injections, the number of action potentials fired in L5
PyNs is significantly increased at current injections of 150 through 400 pA. Scale bars: 20 mV, 250ms. C Representative traces (left) and a
summary graph showing that escalating morphine administration decreases the minimal amount of current required to fire an action
potential (rheobase). Scale bars: full trace= 20mV, 250ms; action potential inset= 40mV, 2.50 ms. D Summary graph showing that the slope
of membrane depolarization during the ramp current injection was significantly higher in morphine-treated mice. E Graph showing a
significant negative correlation between the rheobase slope and rheobase. Scale bar: 40 mV, 500ms. F Summary graph showing that
morphine-treated mice had a significant increase in membrane resistance on L5 PyNs in the ACC. G Summary graph showing that morphine-
treated mice had a significantly larger voltage deflection in response to hyperpolarizing current injections. (Inset) Example trace showing that
the voltage deflection was calculated as the change in mV between the baseline and steady-state potential during a hyperpolarizing current
injection. Scale bars: 4 mV, 250ms. H An action potential phase-plot analysis averaged from ACC L5 PyNs of saline (black)- or morphine
(magenta)-treated mice. (Inset) Individual phase-plot analyses from ACC L5 PyNs of saline (black)- or morphine (magenta)-treated mice. Scale
bar: 300mV/ms, 50mV. For all assays, saline: 15/3; Morphine: 16/3. Data are presented as individual cells with ±SEM error bars. *p < 0.05, **p <
0.01, ***p < 0.001.
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current is observed in other hyper-excitable ACC states, such as
chronic pain [43, 47]. Because of this, we next investigated
whether HCN-channel-mediated current (IH) is altered on ACC L5
thick-tufted PyNs 24 h following escalating morphine exposure. To
isolate IH currents, we injected hyperpolarizing voltage steps in the
presence of TTX, tetraethylammonium, barium, and 4-
aminopyridine. This evoked a slowly activating inward current
indicative of IH (Fig. 3B). We measured the IH amplitude by
subtracting the instantaneous inward-current peak amplitude
(mediated by activated HCN channels during the initial hyperpo-
larization step) from the steady-state amplitude (mediated by
constant HCN-channel activation and deactivation overtime
during the hyperpolarizing step) at each voltage step and found
a significant decrease in total IH in morphine- vs. saline-treated
mice (F(6,138)= 7.518, p < 0.0001; two-way repeated-measure
ANOVA with Bonferroni post-test) (Fig. 3B).
To determine whether the observed changes in IH were mediated

by changes in the neuronal surface area [48, 49], we measured HCN-
channel current density (i.e., HCN-channel-mediated current divided
by the neuronal capacitance, which is proportional to the neuronal
surface area). We found that IH current density was significantly
decreased in neurons from morphine-exposed mice compared
with saline controls at hyperpolarizing voltage steps of −110 to
−130mV (−110mV: t(23)= 2.233, p= 0.0355; Student’s unpaired
t-test; −120mV: t(23)= 2.186, p= 0.0393; Student’s unpaired t-test;
−130mV: t(23)= 2.605, p= 0.0158; Student’s unpaired t-test)

(Fig. 3C). These results suggest that the neuronal surface area did
not significantly influence morphine-induced reductions in IH, which
is supported by a non-significant change in neuronal capacitance
between groups measured using whole-cell electrophysiology
(saline: 174.8 ± 5.894 pF; morphine: 171.9 ± 4.794 pF; t(29)= 0.3872,
p= 0.7014; Student’s unpaired t-test).
Because the observed decrease in maximal IH amplitude may be

caused by either a decrease in HCN-channel numbers or a leftward
(hyperpolarized) shift in IH activation, we measured whether
spontaneous opioid withdrawal influenced the voltage-
dependency of HCN channels. To do this, we measured tail
currents upon returning to −70mV following hyperpolarizing
steps. We measured the tail-current peak amplitude, which was
plotted as a function of the preceding voltage step. We then fit a
Boltzmann function to obtain the IH steady-state deactivation
curve. We observed no difference in the deactivation curves
between saline and morphine groups (saline V50: −98.37 ± 1.999,
morphine V50: −97.80 ± 1.914, t(23)= 0.2047, p= 0.8396; Student’s
unpaired t-test) (Fig. 3D).
Last, we investigated whether pharmacological block of HCN-

channel-mediated currents could mimic the increases in IME
observed in mice undergoing spontaneous opioid withdrawal. To
do this, we recorded from ACC L5 thick-tufted PyNs while bath-
applying ZD7288, the HCN-channel blocker, from brain slices
derived from saline-treated mice. Bath perfusion of 10 μM ZD7288
resulted in a complete block of HCN channel-mediated currents,

Fig. 3 Spontaneous opioid withdrawal decreases HCN-channel-mediated current (IH) on ACC L5 thick-tufted PyNs. A Locations of
recorded cells within L5 of the ACC for IH analysis. B (Left) Voltage steps and the resulting representative traces from PyN recordings taken
from saline- or morphine-treated mice. (Right) Escalating morphine administration significantly decreased the maximal IH amplitude at voltage
steps of −110, −120, and −130mV. Scale bars= 1000 pA, 500ms. C Summary graph showing that the IH current density on ACC L5 PyNs was
significantly decreased at voltage steps of −110, −120, and −130mV in morphine-treated mice. D (Left) Representative traces showing that
tail currents are observed following hyperpolarizing voltage steps. (Right) Steady-state deactivation curves derived from IH tail currents
showed no difference in IH voltage dependence or the V50 values (inset) between saline- and morphine-treated animals. Scale bars= 1000 pA,
500ms, and 50 pA, 50ms (inset). E (Left) Representative traces from ACC L5 PyN recordings taken from saline-treated mice after bath
perfusion of 1 μM or 10 μM ZD7288. (Right) Summary graph showing that 10 μM ZD7288 (n= 4/2) was abolished, while 1 μM ZD7288 (n= 5/2)
partially blocked HCN-mediated currents. Representative traces and summary graphs of saline and morphine groups are the same as shown in
Fig. 3B. Scale bars: saline, morphine= 500 pA, 500ms; 1 and 10 μM ZD7288= 250 pA, 500ms. F (Left) Representative traces showing the firing
frequency of ACC L5 PyNs following a 400 pA current injection. Scale bars: 40 mV, 200ms. (Right) Summary graph showing that bath perfusion
of ZD7288 (1 μM) (n= 10/2) evoked increases in the number of action potentials fired in ACC L5 PyNs, which was not significantly different
from morphine-treated mice. The summary of saline and morphine groups are the same as shown in Fig. 2B. Asterisk denotes a significant
difference between saline and all other groups. For assays (A–D), saline: n= 13/3; morphine: n= 12/3. Data are presented as mean with ± SEM
error bars. *p < 0.05, **p < 0.01. n/m= cells/animal.
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while 1 μM ZD7288 resulted in a partial block of HCN-mediated
currents. This partial block was not significantly different from
morphine-treated mice but was significantly different from saline-
treated mice, thus mimicking the effect observed during
spontaneous opioid withdrawal (F(18,180)= 14.33, p < 0.0001; two-
way repeated-measure ANOVA with Bonferroni post-test) (Fig. 3E).
Therefore, we bath perfused 1 μM ZD7288 and found that a partial
pharmacological block of HCN channels resulted in increases in
IME that were not significantly different from morphine-treated
mice, but were significantly different from saline-treated mice
(F(16,304)= 5.242, p < 0.0001; two-way repeated-measure ANOVA
with Bonferroni post-test) (Fig. 3F).
Overall, these results suggest that during spontaneous opioid

withdrawal, there is a decrease in maximal IH, but no change in
the voltage-dependent deactivation of HCN channels in ACC L5
thick-tufted PyNs, perhaps due to a decrease in total HCN-
channel expression or a decrease in available membrane-bound
channels.

Spontaneous opioid withdrawal does not alter excitatory or
inhibitory synaptic transmission on PyNs in the ACC
To determine whether ACC alterations during spontaneous
withdrawal were isolated to membrane properties and not due
to changes occurring at the synapse, we next measured both
sEPSCs and sIPSCs. To isolate sPSCs, we dialyzed neurons with a
Cs-based internal solution, which contains blockers of voltage-
gated channels. Therefore, the currents recorded are expected to
be synaptically mediated without being influenced by active-
channel properties. We found no significant difference in sEPSC
amplitude (t(29)= 1.254, p= 0.2200; Student’s unpaired t-test) or
frequency (t(29)= 0.6144, p= 0.5437; Student’s unpaired t-test) on
thick-tufted PyNs in the ACC from saline- or morphine-treated
mice at 1 d abstinence (Fig. 4A–C). Likewise, we found no
significant changes in either sIPSC amplitude (t(20)= 0.3336, p=
0.7422; Student’s unpaired t-test) or frequency (t(20)= 0.4385, p=
0.6667; Student’s unpaired t-test) (Fig. 4D–F).

ACC directly regulates opioid-induced spontaneous
withdrawal and withdrawal-induced mechanical
hypersensitivity
Our results suggest that opioid-induced spontaneous withdrawal
and the associated withdrawal-induced mechanical hypersensi-
tivity increase ACC L5 thick-tufted PyN excitability through
alterations in intrinsic properties rather than through signals
derived from other brain regions (i.e., synaptic alterations). In
addition, we found that this effect was specific to thick-tufted
PyNs. In Drd1a-tdTomato mice, which are known to express
spontaneous opioid withdrawal [29], dopamine D1-expressing,
thin-tufted PyNs in ACC L5 had no significant changes in their
intrinsic properties or synaptically-mediated currents 24 h follow-
ing escalating morphine injections (Supplementary Fig. 2). Based
on this, we investigated whether activity in the ACC is directly
linked to opioid-induced spontaneous withdrawal-like behaviors
by locally silencing ACC neurons. To test this, we injected a virus
encoding the inhibitory Gi-coupled DREADD into the ACC (Fig. 5A),
which, when expressed, would inhibit neuronal activity upon
activation with the actuator CNO. We found that following
systemic injection of CNO (2mg/kg) 30 min before withdrawal
tests, the global withdrawal score was significantly decreased in
morphine-treated mice expressing hM4Di vs. sham morphine-
treated mice (F(1,33)= 13.21, p= 0.0009; two-way ANOVA with
Bonferroni post-test) (Fig. 5C). However, the locomotor depression
observed in morphine-treated sham mice was still observed in
morphine-treated mice expressing hM4Di following CNO admin-
istration, suggesting that ACC inhibition had no effect on
withdrawal-induced locomotor depression (F(1,19)= 0.1046, p=
0.750; two-way ANOVA with Bonferroni post-test) (Fig. 5D, E). In
addition, we found that inhibition of the ACC upon CNO injection
in morphine-treated mice expressing hM4Di prevented
withdrawal-induced mechanical hypersensitivity on withdrawal
day 1 (F(6,66)= 7.749, p < 0.0001; two-way repeated-measure
ANOVA; Bonferroni multiple comparisons test, morphine sham
vs. morphine DREADD, p= 0.0102) (Fig. 5F), which was reversed

Fig. 4 Spontaneous opioid withdrawal does not alter excitatory or inhibitory synaptic transmission on ACC L5 thick-tufted PyNs.
A Representative traces showing spontaneous excitatory postsynaptic currents (sEPSC) recorded from ACC L5 PyNs in saline-(black) or
morphine (magenta)-treated mice (saline: n= 14/4; morphine: n= 17/3). Scale bars: top= 25 pA, 100ms; bottom= 50 pA, 10 ms. Cumulative
probability and summary graph (inset) showing the frequency (B) and amplitude (C) of sEPSCs during spontaneous withdrawal.
D Representative traces showing spontaneous inhibitory postsynaptic currents (sIPSC) recorded from ACC L5 PyNs in saline-(black) or
morphine (magenta)-treated mice (saline: n= 10/3; morphine: n= 12/3). Scale bars: top= 25 pA, 100ms; bottom= 50 pA, 10 ms. Cumulative
probability and summary graph (inset) showing the frequency (E) and amplitude (F) of sIPSCs during spontaneous withdrawal. Data are
presented as individual cells with ± SEM error bars.
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on withdrawal day 4 when CNO was not administered (Bonferroni
multiple-comparison test, morphine sham vs. morphine DREADD,
p= 0.0239) (Fig. 5F). However, by withdrawal day 7, in the absence
of CNO, withdrawal-induced mechanical hypersensitivity was no
longer observed (Fig. 5F). These results suggest an overlapping
role of the ACC in mediating both opioid-induced withdrawal and
withdrawal-induced mechanical hypersensitivity.

DISCUSSION
Our results demonstrate that cell-type-specific alterations are
evoked in L5 of the ACC in a preclinical model of spontaneous
opioid withdrawal. We have shown that ACC L5 thick-tufted PyNs,
putative D2-receptor-expressing PyNs, have increased IME,
decreases in HCN-channel-mediated currents, and no changes in
spontaneous excitatory or inhibitory currents. In contrast, we have
shown that thin-tufted, dopamine D1receptor-expressing ACC L5
PyNs do not display any changes in intrinsic or synaptic properties
during spontaneous opioid withdrawal. Last, we have shown that
inhibition of the ACC is necessary to prevent spontaneous opioid
withdrawal and withdrawal-induced mechanical hypersensitivity.
It is established that the locus coeruleus (LC) and the

norepinephrine (NE)-expressing neurons located within the LC
are critically involved in mediating opioid withdrawal [7, 50]. This
seminal research has led to current clinical therapeutic treatments

for opioid withdrawal that target the adrenergic system. These
treatments include α2-receptor agonists (e.g., clonidine, lofex-
idine), which act on presynaptic terminals to inhibit NE release,
thus blocking adrenergic-mediated symptoms (e.g., yawning,
diaphoresis, and mydriasis). Our results expand upon the
neurocircuit-mediating opioid withdrawal and show that the
ACC is a critical locus for the expression of opioid withdrawal and
withdrawal-induced mechanical hypersensitivity.
It is known from both clinical and preclinical research that the

ACC is activated upon opioid withdrawal. Brain imaging studies,
in male human subjects, have shown increases in ACC activity
during naloxone-precipitated opioid withdrawal [24]. Likewise,
in rats (sex unspecified), functional magnetic resonance imaging
has shown increases in signal intensity in the ACC during
naloxone-precipitated opioid withdrawal [23]. Additional
studies using c-fos labeling have identified significant increases
in c-fos expression, a marker of neuronal activity, in the ACC
following naloxone-precipitated withdrawal [51]. Although our
model assesses ACC activity following spontaneous opioid
withdrawal rather than naloxone-precipitated withdrawal,
our results are in line with these previous studies. We found
that 24 h after the last injection of morphine, thick-tufted PyNs
in layer V of the ACC display characteristics indicative of a hyper-
excitable state and that this is correlated with decreases in HCN-
mediated IH.

Fig. 5 The ACC directly regulates opioid-induced spontaneous withdrawal and withdrawal-induced mechanical hypersensitivity. A (Top)
Experimental timeline of viral transduction of the ACC prior to behavioral assessments. (Bottom) The extent of viral expression within the ACC.
B Representative traces showing bath application of CNO decreases the excitability of transduced ACC L5 thick-tufted PyNs. Scale bars: top=
40mV, 200ms; bottom= 40mV, 250ms. C Summary graph showing that CNO treatment 30min prior to withdrawal monitoring blocked
morphine-induced withdrawal in morphine-treated mice expressing hM4Di (sham saline: n= 8 mice; sham morphine: n= 9; hM4Di saline: n=
10; hM4Di morphine: n= 10). D Representative traces showing mouse locomotor behavior over the course of the 30min withdrawal.
E Summary graph showing that CNO treatment does not significantly affect locomotor behavior during withdrawal monitoring. F Summary
showing that CNO treatment 30min prior to von Frey testing blocked withdrawal-induced mechanical hypersensitivity in morphine-treated
mice expressing hM4Di. In the absence of CNO (withdrawal days 4 and 7), morphine-treated mice displayed withdrawal-induced mechanical
hypersensitivity on withdrawal day 4, which was no longer expressed by withdrawal day 7. *p < 0.05, ***p < 0.001.
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HCN channels consist of 4 subunits (HCN1–4) that can assemble
in various combinations with HCN1, 2, and 4 commonly found in
layer V of the ACC (Allen Brain Atlas). They are constitutively active
at resting-membrane potentials (~−70mV) with permeability to
Na+ and K+ [52]. When the neuron is hyperpolarized, HCN
channels open, thus depolarizing the neuron and maintaining the
membrane potential close to the firing threshold. Alternatively,
when the neuron is depolarized, HCN channels are deactivated
resulting in neuronal hyperpolarization [53–55]. Therefore, when
expressed at the soma, HCN channels serve as high-pass filters
that shape the voltage response to rhythmic oscillations [53].
When expressed in the dendritic compartments, HCN channels
reduce the input resistance and accelerate the decay phase of
incoming synaptic signals reducing the temporal summation of
postsynaptic potentials at the soma [53]. Therefore, decreases in
HCN-channel function and/or expression are likely to result in
increases in membrane resistance and greater shifts in electrical
potentials upon synaptic input. Our observed reduction in HCN-
channel-mediated currents during spontaneous opioid withdrawal
coincides with the observed increases in membrane resistance on
L5 thick-tufted PyNs in the ACC. The increases in membrane
resistance led to enhanced voltage deflection measured in
response to hyperpolarizing current injections, which would
explain why we did not observe any changes in SAG currents
(data not shown) but did observe significant changes in IH when IH
was specifically measured. Furthermore, HCN channel steady-state
deactivation was not significantly different between saline- and
morphine-treated mice. Changes in HCN-channel deactivation
would suggest changes in channel kinetics, which would be
associated with changes in subunit composition and/or regulatory
factors [56–59]. Given that HCN-channel deactivation on ACC L5
thick-tufted PyNs was not different in saline- vs. morphine-treated
mice, we interpreted the result to mean that HCN-channel kinetics
remained unaltered. Therefore, we concluded that the opioid-
induced reduction of HCN-channel-mediated currents was likely
caused by a reduction in HCN channel expression, which was
further supported by our experiments showing that the HCN-
channel blocker ZD7288 mimicked the morphine-induced effects
on ACC L5 thick-tufted PyN-intrinsic properties. Our observed
decreases in HCN-channel-mediated currents, with concomitant
increases in membrane excitability, are a phenomenon that has
been observed previously in the cortex during the chronic action-
potential blockade and in the hippocampus, in a rat model of
traumatic brain injury [45, 46]. Therefore, our observed increases
in membrane excitability on L5 thick-tufted PyNs during
spontaneous withdrawal are potentially due to increases in
membrane resistance caused by reduced HCN channel expression.
Although we did not investigate the mechanisms mediating the

withdrawal-induced changes in IH, it is plausible to speculate that
reduced IH is mediated by opioid-receptor activation on PyNs in
the ACC, which in turn, results in decreases in cAMP, an HCN-
channel modulator [60]. During withdrawal, it is common for
cAMP to overshoot, which causes increases in cAMP activity [61].
However, the cAMP overshoot appears to be brain region-specific
as this effect has not been observed in the prefrontal cortical
region [62, 63]. Therefore, prolonged reductions in cAMP caused
by continued opioid-receptor activation may lead to decreases in
HCN-channel function, which future studies can address. Alter-
natively, withdrawal-induced decreases in HCN-channel function
on PyNs may be mediated by NE release in the ACC from
overactive LC terminals. Evidence suggests that NE reduces HCN-
channel activity [64]. Given the increases in NE release from
overactive LC neurons during withdrawal, it is plausible that NE
contributes to the increases in PyN intrinsic excitability through
HCN-channel modulation. Therefore, future investigations of the
LC→ACC L5 PyN neurocircuit may help identify neurocircuit
mechanisms mediating withdrawal-induced increases in ACC L5
PyN excitability.

Overall, our observed changes in intrinsic properties would be
expected to sensitize ACC L5 thick-tufted PyNs to incoming
glutamatergic and GABAergic signals. In addition, evidence from
previous studies suggests a direct effect on the excitatory
glutamatergic synaptic transmission during opioid withdrawal. A
preclinical fMRI study in rats found an increase in the fMRI BOLD
response in the ACC during withdrawal [23]. Evidence suggests
that the fMRI signal is mediated by synaptic activity as the local
field potentials are predictors of the BOLD response [65, 66].
Therefore, based on the results from the fMRI BOLD signals, it
would be expected that opioid withdrawal would evoke increases
in glutamatergic transmission in the ACC. In agreement with this, a
study found that naloxone-precipitated withdrawal in morphine-
dependent rats caused an increase in glutamate release in the
ACC [25]. Based on these findings, we expected to observe
increases in sEPSC amplitude and/or frequency on L5 thick-tufted
PyNs during spontaneous withdrawal. Instead, we found no
significant changes in spontaneously-evoked currents on ACC L5
thick-tufted PyNs. This lack of synaptic effect suggests that pre
and/or postsynaptic modifications are not required for sponta-
neous withdrawal and that the neurocircuit communication
between afferents and ACC neurons is influenced more so by
the coordinated timing of neuronal activity, which is regulated by
intrinsic properties [67]. However, it is possible that our assess-
ments were not sensitive enough to detect synaptic alterations.
For example, opioid-induced synaptic alterations that contribute
to withdrawal may be mediated by specific inputs or within
specific layers of the ACC. Given that spontaneous excitatory and
inhibitory currents are characterized by small amplitudes (~25 and
~40 pA, respectively), they are likely generated closer to the
recording site (i.e., soma). Potentially then, glutamatergic and/or
GABAergic ACC afferents, which target layers I and/or II/III may
undergo synaptic plasticity. Future studies should look to address
these potential synaptic changes by investigating layer- and
pathway-specific plasticity within the ACC in a model of opioid
withdrawal.
In addition to future investigations looking at pathway-specific

alterations, our data suggest that cell-type-specific investigations
in the ACC are also warranted. Here, we observed a cell-type-
specific alteration on the intrinsic properties of thick-tufted,
putative dopamine D2-receptor-expressing L5 PyNs, rather than
thin-tufted, dopamine D1-receptor-expressing L5 PyNs during
spontaneous opioid withdrawal. The reasons for these cell-type-
specific effects are unclear but may be related to the differences in
projection targets of thick- and thin-tufted PyNs. Data suggest that
D1R-expressing thin-tufted PyNs project to cortical regions, while
thick-tufted PyNs, with larger HCN-channel-mediated current and
D2R expression, the project to subcortical regions, including the
brainstem and thalamus, which are implicated in pain processing
and opioid withdrawal-like symptoms [68–71].
Interestingly, we found that inhibition of ACC activity using

chemogenetic techniques blocked both spontaneous opioid
withdrawal and withdrawal-induced mechanical hypersensitivity.
The ability of the ACC to regulate both withdrawal behaviors and
withdrawal-induced mechanical hypersensitivity suggests over-
lapping mechanisms between two seemingly distinguishable
behaviors. This commonality potentially suggests that the ACC is
a locus for multiple symptoms elicited by opioid withdrawal.
Taken separately, first, our observed reduction in spontaneous
opioid withdrawal during ACC inhibition demonstrates a causal
association between ACC activity and symptoms related to opioid
withdrawal. In rodents, symptoms of opioid withdrawal include
tremors and shakes (wet dog shakes), jumps, and paw flutters,
which were all characteristics that we observed in mice under-
going spontaneous withdrawal 24 h after the last morphine
injection. These opioid withdrawal symptoms are controlled by
specific brain regions, including those that control jumps
(amygdala, medial thalamus, globus pallidus, locus coeruleus,
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and periaqueductal gray), “wet dog shakes” (amygdala, medial
thalamus, and globus pallidus), and paw tremors (amygdala,
globus pallidus, and caudate putamen) [72–74]. The ACC is directly
linked to these structures, receiving inputs from the thalamus,
amygdala, and locus coeruleus, while projecting to the amygdala,
periaqueductal gray, thalamus, and spinal cord [75, 76]. The ACC’s
neuroanatomical position would suggest that it is well-positioned
to regulate opioid-induced withdrawal symptoms, which our
results support. However, our results also suggest that inhibiting
ACC activity does not influence withdrawal-induced reductions in
locomotor activity, potentially due to the underlying neurobiolo-
gical mechanisms. It is known that opioids evoke locomotor
sensitization following non-contingent administration [38, 77–79],
due, in part, to increases in dopamine release, as increases in
dopamine are strongly correlated with locomotor activity in
rodents [80–82]. During opioid withdrawal, dopamine levels are
reduced [83–87], which may contribute to withdrawal-induced
reductions in locomotor activity. Importantly, the ACC sends
glutamatergic projections to brain regions involved in dopamine
release, including the substantia nigra and ventral tegmental area
[76]. Therefore, it would be expected that ACC inhibition would be
unable to rescue withdrawal-induced dopamine depletion, which
may explain why locomotor activity remained decreased during
chemogenetic inhibition of the ACC in morphine-treated mice.
Another potential reason we did not see a rescue of locomotor
activity during ACC inhibition during opioid withdrawal may be
due to off-target effects within the motor cortex. However, this is
unlikely as our histology shows that DREADD expression was
restricted to the ACC. In addition, morphine-treated mice injected
with hM4Di did not show a bimodal distribution in the distance
traveled, which suggests that off-target effects of DREADD
expression were not involved.
Second, our observed reduction in withdrawal-induced

mechanical hypersensitivity during ACC chemogenetic inhibition
coincides with other pain models, including chronic inflammatory
pain. For example, one study found that ACC inhibition reduced
inflammatory-mediated hypersensitivity [88]. An additional study
found that optogenetic activation of PyNs in the ACC lowers
hyperalgesia thresholds [89]. However, ACC regulation of pain
sensitivity is not consistent across all pain models as it has been
shown that in a neuropathic pain model, ACC inhibition had no
effect on pain-induced hypersensitivity [90]. Therefore, it is
plausible that our observed withdrawal-induced mechanical
hypersensitivity may involve similar pain circuits as those involved
in inflammatory pain. In addition, on withdrawal day 4, we
observed a significant increase in mechanical hypersensitivity in
DREADD(Gi)-expressing morphine-treated mice when CNO was
not administered. This “rebound hyperalgesia” that we observed
in DREADD(Gi)-expressing morphine-treated mice relates to
similar rebound hyperalgesia that occurs in postoperative rats
after buprenorphine has worn off [91]. Similarly, a common clinical
problem has been documented whereby postoperative patients
experience enhanced pain following intra-operative opioid
administration [92]. It is plausible that the ACC may contribute
to this post-opioid hypersensitive pain state, but further investiga-
tions are warranted.

Limitations and future directions
We acknowledge that there are limitations to our findings. For
example, given that there are no pharmacological agents available
to enhance IH, we were limited in our ability to demonstrate a
cause-and-effect relationship between decreases in IH and
increases in PyN excitability. Therefore, our results provide more
of a correlative relationship rather than causative. Future
experiments will look at developing viral-mediated tools aimed
at overexpression of HCN channels in thick-tufted PyNs. In
addition, our synaptic assessments did not isolate pathway-
specific inputs in layers I and II/III that may differentially modulate

ACC L5 thick-tufted PyNs. Although we did perform paired-pulse
ratios using electrical stimulation of either L1 or LII/III and found
no significant changes between experimental and control groups
(data not shown), future experiments are required to address
pathway-specific inputs as well as potential postsynaptic altera-
tions that may contribute to ACC-regulated spontaneous opioid
withdrawal. Another limitation to our study is that we did not use
a viral or vehicle control for our DREADD experiments, thus
controlling for an effect produced by the viral vector or
fluorophore. However, since the sham-surgery groups received
CNO, this limitation is unlikely to alter our observations. We also
acknowledge that our approach did not include female mice,
thereby limiting comparisons between sexes. Assessments of sex-
specific ACC function during spontaneous opioid withdrawal are
required as it has been shown that male rats demonstrate
increases in metabolism in the ACC compared with female rats
during acute opioid withdrawal [93]. Additional work has shown
sex-specific behavioral responses during protracted opioid with-
drawal [94]. Last, we acknowledge that our chemogenetic
approach did not specifically target ACC L5 thick-tufted PyNs,
which future experiments will address. However, despite these
limitations, our results have the potential to contribute to next-
generation therapeutic options localized to the ACC, including
deep brain stimulation strategies, capable of broadly targeting
opioid-withdrawal symptoms, while avoiding the necessity of
multiple therapeutics to target the underlying pathophysiological
mechanisms of the syndrome.
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