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ATP-sensitive potassium (KATP) gain-of-function (GOF) mutations
cause neonatal diabetes, with some individuals exhibiting devel-
opmental delay, epilepsy, and neonatal diabetes (DEND) syn-
drome. Mice expressing KATP-GOF mutations pan-neuronally
(nKATP-GOF) demonstrated sensorimotor and cognitive deficits,
whereas hippocampus-specific hKATP-GOF mice exhibited mostly
learning and memory deficiencies. Both nKATP-GOF and hKATP-GOF
mice showed altered neuronal excitability and reduced hippocam-
pal long-term potentiation (LTP). Sulfonylurea therapy, which
inhibits KATP, mildly improved sensorimotor but not cognitive defi-
cits in KATP-GOF mice. Mice expressing KATP-GOF mutations in pan-
creatic β-cells developed severe diabetes but did not show
learning and memory deficits, suggesting neuronal KATP-GOF as
promoting these features. These findings suggest a possible origin
of cognitive dysfunction in DEND and the need for novel drugs to
treat neurological features induced by neuronal KATP-GOF.
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ATP-sensitive potassium (KATP) channels are a unique link
between cellular metabolism and membrane excitability.

KATP gain-of-function (GOF) mutations have been identified as
the most common cause of neonatal diabetes (1, 2), which, in
many cases, manifests neurological features in a novel syn-
drome known as developmental delay, epilepsy, and neonatal
diabetes (DEND) (3–6). Neurological symptoms of DEND
include motor and developmental delays, severe epileptic phe-
notypes, and lifelong intellectual disabilities (7, 8). Diabetic fea-
tures arise from suppression of insulin secretion by expression
of KATP-GOF channels in pancreatic insulin-producing β-cells,
and mice pan-neuronally expressing a DEND-associated KATP-
GOF mutation showed sensorimotor deficits attributed to loss
of excitability in cerebellar Purkinje neurons (9, 10). However,
the involvement of KATP-GOF mutations in other neurological
features as well as the treatability of these features remain
unknown.

KATP channels are hetero-octameric complexes comprising
four pore-forming Kir6.x and four sulfonylurea receptor subu-
nits, with Kir6.2 and SUR1 compositions predominating in neu-
rons of the hippocampus and cerebellum (11, 12) as well as in
pancreatic insulin-producing β-cells (13). SUR1 subunits pro-
vide pharmacological sensitivity to KATP channel openers (diaz-
oxide) and blockers (e.g., sulfonylureas such as glibenclamide
and tolbutamide). Kir6.2 and SUR1 subunits each contain
RKR endoplasmic reticulum retention motifs, with the expres-
sion of both subunits required to form functional channels (14).
Mice globally lacking KATP demonstrate spatial learning deficits
(15, 16), intrahippocampal application of the KATP channel
opener diazoxide impairs spatial learning and memory (17),
and intraseptal application of glibenclamide improved spatial
memory defects induced by galanin or morphine in rats (18,
19). KATP currents regulate spike rates and spontaneous burst-
ing activity in hippocampal CA1/CA3 neurons (20) and gate
epileptic seizures (21), suggesting that neurological features

may arise from alterations to excitability in hippocampal neu-
rons (10). In human neonatal diabetes, sulfonylureas are effec-
tive in normalizing blood glucose (22) and often successful in
restoring muscular tone, but they are not nearly as effective in
treating neurological, especially cognitive, features of DEND
(4, 23–25). These findings raise questions about the pathophysi-
ology of DEND, particularly the relative contributions of neu-
ronal and pancreatic expression of KATP-GOF channels in the
development of neurological features. Here, we explored the
origin, underlying mechanisms, and treatability of the cognitive
deficits of DEND in mouse models expressing KATP-GOF chan-
nels in central neurons (pan-neuronal or hippocampus specific)
or in pancreatic β-cells.

Results
Pan-Neuronal Expression of KATP-GOF Mutations Associates with
DEND-Like Sensorimotor Deficits. To study the neurological fea-
tures of DEND, we generated pan-neuronal nKATP-GOF mice
(SI Appendix, Fig. S1). Because KATP channels require both
Kir6.2 and SUR1 subunits (26), only those neurons that endog-
enously express SUR will form functional transgenic KATP

channels (14). As expected, Kir6.2 messenger RNA (mRNA)
levels were increased in nKATP-GOF mice, while SUR1 levels
were unaffected (SI Appendix, Fig. S1 H, Left), suggesting no
changes in channel density in mutant mice. Enhanced green

Significance

Gain-of-function (GOF) mutations in the ATP-sensitive potas-
sium (KATP) channel cause neonatal diabetes, with some indi-
viduals exhibiting developmental delay, epilepsy, and
neonatal diabetes (DEND) syndrome. In this study, we
uncover the direct effects of neuronal expression of KATP-
GOF mutations, and not diabetes per se, on the neurological
features of DEND. Our results show a close link between
neuronal KATP-GOF expression and cognitive dysfunction in
DEND and reveal that antidiabetic sulfonylureas, which suc-
cessfully treat diabetes, mitigate some sensorimotor prob-
lems but not cognitive deficits. These results have critical
implications for humans, revealing the need for novel drugs
to treat learning and memory deficits not only for KATP-
induced DEND but also for other pathologies arising from
altered ion channels in the brain.

Author contributions: S.Y., D.F.W., S.M., and M.S.R. designed research; S.Y., D.F.W.,
Z.Y., and M.S.R. performed research; S.Y., D.F.W., Z.Y., S.M., and M.S.R. analyzed data;
S.Y. and M.S.R. wrote the paper; and D.F.W. and S.M. edited the manuscript.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-
NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND).
1To whom correspondence may be addressed. Email: mremedi@wustl.edu.

This article contains supporting information online at http://www.pnas.org/lookup/
suppl/doi:10.1073/pnas.2109721118/-/DCSupplemental.

Published November 3, 2021.

PNAS 2021 Vol. 118 No. 45 e2109721118 https://doi.org/10.1073/pnas.2109721118 j 1 of 12

N
EU

RO
SC

IE
N
CE

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
29

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109721118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109721118/-/DCSupplemental
https://orcid.org/0000-0003-3301-740X
https://orcid.org/0000-0003-2048-472X
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mremedi@wustl.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109721118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109721118/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2109721118&domain=pdf&date_stamp=2021-11-03


www.manaraa.com

fluorescent protein (eGFP), coexpressed with the mutant chan-
nel, was only detected in nKATP-GOF mice (SI Appendix, Fig.
S1 H, Right), confirming transgene expression. We verified
on-target cerebellar and hippocampal recombination in nKATP-
GOF mice in frozen brain slices costained with anti-GFP and
anti-Cre antibodies, and we compared them to absent staining
in controls (SI Appendix, Fig. S2 A–C). nKATP-GOF mice
showed a significant increase in ambulatory activity [F(1, 24) =
24.74, P = 0.00005], vertical rearing frequency [F(1, 24) = 6.
354, P = 0.0188], distance traveled in the periphery [F(1, 24) =
20.71, P = 0.0001] and center entries [F(1, 24) = 13.70, P = 0.
0011], no differences in time spent in the center, but reduced
overall resting time [(Genotype: F(1, 24) = 17.34, P = 0.0003]
(Fig. 1 A–F). nKATP-GOF showed a significant increase in pole
climb-down time [F(1, 24) = 10.08, P = 0.0041) and decreased
time on the elevated ledge [F(1, 24) = 5.653, P = 0.0257] (Fig.
1 G and H). nKATP-GOF mice took significantly less time to
climb to the top of a 90˚ screen [F(1, 24) = 18.37, P = 0.0003]
(Fig. 1I). Although these tests predominantly reflect sensorimo-
tor capabilities, altered emotionality and motivation in nKATP-
GOF mice, as suggested by locomotor activity/sensorimotor
battery tests, could result in enhanced (90˚ inclined screen) or
decreased (e.g., pole climb-down time) performance. nKATP-
GOF mice demonstrated significant deficits on the stationary
[F(1, 24) = 6.495, P = 0.0176], constant speed [F(1, 24) = 5.430,
P = 0.0285], and accelerating rotarod [F(1, 24) = 6.234, P =
0.0198] (Fig. 1 J–L and SI Appendix, Table S1). No significant
sex effects were observed, with the exception of a significant
sex-by-genotype interaction on the ledge test [F(1, 24) = 5.086,
P = 0.0355] primarily driven by impaired performance in
nKATP-GOF females relative to female controls (SI Appendix,
Fig. S3A). Glucose tolerance tests (GTT) excluded the contri-
bution of impaired glucose homeostasis on behavioral deficits
(SI Appendix, Fig. S1E).

nKATP-GOF Mice Exhibited Some Cognitive Features of DEND. To
evaluate spatial and nonspatial learning and memory, nKATP-
GOF mice were tested in the Morris water maze (MWM) and
Pavlovian fear conditioning. In MWM-cued trials, nKATP-GOF
mice demonstrated impaired escape path length [F(1, 24) =
10.83, P = 0.0031] and latency [F(1, 24) = 34.11, P = 0.00005]
and reduced swimming speeds [F(1, 24) = 114.1, P = 0.00005]
(Fig. 2 A–C), although they showed some learning in path
length [F(1, 24 = 11.68, P = 0.002] and latency [F(1, 24 = 19.09,
P = 0.0002] from the first to last blocks of trials. In MWM place
trials, nKATP-GOF mice demonstrated significant deficits in
escape path length [F(1, 24) = 48.91, P = 0.00005], latency
[F(1, 24) = 94.60, P = 0.000049], and swimming speeds [F(1,
24) = 39.19, P = 0.00005] (Fig. 2 D–F). In probe trials, nKATP-
GOF mice demonstrated a significant reduction in platform
crossing compared to controls [F(1, 24) = 41.25, P = 0.00005]
(Fig. 2G). While controls spent more time in the target quad-
rant than in the other pool quadrants [F(1, 24) = 14.6155,
P = 0.00005], nKATP-GOF mice spent less time in the target
quadrant [F(1, 24) = 63.57, P = 0.00005) and did not show spa-
tial bias (Fig. 2H).

nKATP-GOF mice exhibited similar baseline freezing levels as
control mice on day 1, but when individual foot shocks (uncon-
ditioned stimulus) were paired with a tone (conditioned stimu-
lus), they demonstrated lower freezing levels [Genotype: F(1,
24) = 7.578, P = 0.0111], although differences varied across
tone–shock training (genotype-by-time interaction: [F(2, 48) =
7.450, P = 0.0028] (Fig. 2I). Results from the contextual fear test
(day 2) showed significantly reduced freezing levels in nKATP-
GOF mice [Genotype: F(1, 24) = 7.578, P = 0.0111] (Fig. 2J) in
which differences varied across the session [genotype-by-time
interaction: F(2, 48) = 7.450, P = 0.0028]. nKATP-GOF mice
exhibited similar freezing levels during a 2-min altered-context

baseline (day 3) and during early minutes of auditory cue testing
(tone/no shock, Fig. 2K) but lower freezing levels for the remain-
der of the session [Genotype: F(1, 24) = 28.63, P = 0.00005,
genotype-by-time: F(7, 168) = 4.68, P = 0.0002, genotype-by-sex:
F(1, 24) = 6.904, P = 0.0148 interaction] driven by larger differ-
ences in females [F(1, 24) = 26.16, P = 0.00003] than in males
[F(1, 24) = 4.73, P = 0.040] (SI Appendix, Fig. S3B and Table
S2).

Hippocampal Expression of KATP-GOF Is Associated with Cognitive
but Not Sensorimotor Deficits. To determine the origin of cogni-
tive deficits in DEND syndrome, hippocampus-specific hKATP-
GOF mice were run on the same assays as their nKATP-GOF
counterparts. As predicted, hKATP-GOF mice showed normal
GTT (SI Appendix, Fig. S1F), increased Kir6.2 mRNA levels
[t(4) = 4.088, P = 0.015] but not SUR1, (SI Appendix, Fig. S1 I,
Left), and eGFP expression in the hippocampus of transgenic
mice (SI Appendix, Fig. S1 I, Right). We confirmed on-target
recombination (SI Appendix, Fig. S2B) in the hippocampus,
with no Cre or eGFP found in the cerebellum of hKATP-GOF
mice. hKATP-GOF mice showed increased ambulatory activity
[F(1, 19) = 5.0704, P = 0.0364] (Fig. 3A) and distance traveled
in the periphery [F(1, 19) = 5.322, P = 0.0325] (Fig. 3C) but no
differences in vertical rearing, center entries, time in the center,
or resting time relative to controls (Fig. 3 B and D–F). hKATP-
GOF mice did not show differences in any of the sensorimotor
battery (Fig. 3 G–I) or rotarod tests (Fig. 3 J–L and
SI Appendix, Table S3). In MWM-cued trials, hKATP-GOF mice
showed significant deficits in escape path length [F(1, 19) = 4.
650, P = 0.0441], latency [F(1, 19) = 11.61, P = 0.003], and swim-
ming speeds [F(1, 19) = 9.032, P = 0.0073] (Fig. 4 A–C). They
also showed significant deficits in escape latency [F(1, 19) = 9.
280, P = 0.0066] and swimming speeds [F(1, 19) = 10.18, P = 0.
0048] but not in path length [F(1, 19) = 3.305, P = 0.0849] in
MWM place trials (Fig. 4 D–F). Robust differences in probe trial
retention variables such as platform crossings [F(1, 19) = 33.45,
P = 0.00005], time in the target quadrant [F(1, 19) = 4.700, P =
0.0431], and spatial bias were demonstrated in hKATP-GOF mice
(Fig. 4 G and H). Similar baseline freezing levels were found
in hKATP-GOF and control mice on day 1 of fear conditioning
(Fig. 4I); however, hKATP-GOF mice showed significantly ele-
vated freezing [F(1, 19) = 9.565, P = 0.006] during tone–shock
training. An analysis of the contextual fear data only revealed a
genotype-by-time interaction [F(7, 133) = 2.519, P = 0.0360].
Pairwise comparisons indicated similar degrees of freezing up to
the middle of the test session followed by a greater habituation
response in hKATP-GOF mice (Fig. 4J). No significant differ-
ences between groups were observed during the altered-context
baseline, auditory cue test, or on shock sensitivity (Fig. 4K and
SI Appendix, Table S4).

Impaired Hippocampal LTP Is Associated with Learning and Memory
Deficits in KATP-GOF Induced DEND. To assess the effect of KATP-
GOF mutations on neuronal excitability and synaptic function, we
assayed long-term potential (LTP) induction in acute hippocam-
pal slices. LTP induction was significantly reduced in nKATP-GOF
mice relative to controls (Fig. 5A) with a significant difference in
the simple effect of genotype [F(1, 15) = 11.09, P = 0.0046] but
no genotype-by-time interaction [F(21, 31) = 1.185, P = 0.2620].
The slope of the baseline field excitatory postsynaptic potentials
(fEPSP) did not differ between nKATP-GOF and littermate con-
trol mice during the pretetanic baseline (SI Appendix, Fig. S4A).
Similar to nKATP-GOF mice, hKATP-GOF mice showed a signifi-
cant reduction in LTP, with differences in the simple effect of
genotype [F(1, 18) = 6.518, P = 0.02] (Fig. 5B) and genotype-by-
time interaction [F(21, 38) = 1.751, P = 0.0221]. The baseline
fEPSP slope did not show significant differences between hKATP-
GOF and littermate control mice (SI Appendix, Fig. S4B).
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Fig. 1. Locomotor and sensorimotor functions are significantly impaired in nKATP-GOF mice. Locomotor activity: (A) total ambulations, (B) vertical rears,
(C) distance traveled in the periphery, (D) center entries, (E) time in the center, and (F) resting time. Sensorimotor battery tests: (G) time to climb down
pole, (H) time on an elevated ledge, and (I) time to climb to the top of 90° inclined screen. (J) Stationary rod, (K) constant speed, and (L) accelerating
rotarod. For rotarod, T1 and T2 refer to Trials, S1 to 3 refers to Sessions. All tests shown in this figure were acquired from the same cohort. nKATP-GOF
mice (red, n = 14) and littermate control mice (gray, n = 13). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 2. MWM and fear conditioning assays reveal severe deficits in spatial learning, memory, and fear conditioning in nKATP-GOF mice in MWM-cued
trials: (A) escape path length, (B) escape path latency, and (C) swimming speeds. MWM place trials: (D) escape path length, (E) escape path latency, and
(F) swimming speeds. MWM probe trial: (G) platform crossings and (H) target quadrant time and spatial bias for the target quadrant. Fear conditioning:
(I) tone–shock baseline-training, (J) contextual fear conditioning, and (K) auditory cue tests. All tests shown in this figure were acquired from the same
cohort. nKATP-GOF mice (red, n = 14) and littermate controls (gray, n = 13). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

4 of 12 j PNAS Yahil et al.
https://doi.org/10.1073/pnas.2109721118 Cognitive deficits and impaired hippocampal long-term potentiation in KATP-induced

DEND syndrome

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
29

, 2
02

1 



www.manaraa.com

A

D

G

J K L

H I

E F

B C

Fig. 3. Locomotor, not sensorimotor, functions are impaired in hKATP-GOF mice. Locomotor activity: (A) total ambulations, (B) vertical rearing,
(C) distance in the periphery, (D) center entries, (E) time in the center, and (F) time resting. Sensorimotor battery: (G) time to climb down pole, (H) time
on elevated ledge, and (I) time to climb to the top of 9° inclined screen. (J) Stationary rod, (K) constant speed, and (L) accelerating rotarod. All tests
shown in this figure were acquired from the same cohort. hKATP-GOF mice (blue, n = 12) and controls (gray, n = 12). *P < 0.05.
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Fig. 4. MWM and fear conditioning test results reveal selective spatial learning, memory, and fear conditioning deficits in hKATP-GOF mice in MWM-
cued trials: (A) escape path length, (B) latency, and (C) swimming speeds. MWM place trial: (D) escape path length, (E) latency, and (F) swimming speeds.
MWM probe trial: (G) platform crossings and (H) time in the target quadrant and spatial bias for the target quadrant. Fear conditioning: (I) tone–shock
baseline training, (J) contextual fear conditioning, and (K) auditory cue test. All tests shown in this figure were acquired from the same cohort. hKATP-
GOF mice (blue, n = 12) and littermate controls (gray, n = 12). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Hippocampal Neurons from nKATP-GOF and hKATP-GOF Mice Showed
Sensitivity to KATP Channel Openers and Inhibitors. To address
KATP-GOF–mediated alterations to neuronal function, whole-
cell voltage ramp experiments were performed in primary
cultures of dissociated hippocampal neurons. To increase the
likelihood of recording KATP-specific currents and assessing
KATP drug sensitivity, voltage ramps were recorded in high-
potassium external solutions in the presence or absence of
KATP channel openers (diazoxide) and inhibitors (tolbutamide)
(Fig. 6A). The potential off-target effects of diazoxide were mit-
igated in these recordings by simultaneous application of the
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPAR) inhibitor NBQX (44). A two-way ANOVA of geno-
type and bath condition (Na1, K1, Dz, etc.) revealed an overall
reduction in current density in nKATP-GOF mice relative to
controls [genotype effect: F(1, 24) = 7.318, P = 0.0124]; how-
ever, comparisons between similar conditions (e.g., Dz-GOF
to Dz-control) revealed no significant pairwise differences
(Fig. 6C). The application of 300 mM diazoxide increased KATP

current density, whereas the addition of 500 mM tolbutamide
decreased it (Fig. 6C). The amplitude of this effect, defined as
the difference in current densities between diazoxide and tolbu-
tamide (Dz-Tol), did not differ between nKATP-GOF and con-
trol mice (Fig. 6D), suggesting unaffected KATP drug sensitivity
in mutant mice. No significant differences in current density
under any conditions were found in nKATP-GOF neurons when
0.5 mM Mg-ATP was added to the internal solution (Fig. 6C).
hKATP-GOF neurons demonstrated no significant differences in
current densities (Fig. 6E) or KATP drug sensitivity (Fig. 6F)
with respect to control neurons. As predicted, neurons from
global Kir6.2-knockout (KATP-KO) mice demonstrated a marked
reduction in overall currents and no sensitivity to diazoxide or
tolbutamide (Fig. 6B), confirming the specific effects of these
drugs on KATP.

Learning and Memory Deficits Are Not Improved by Sulfonylurea
Therapy. To test the effect of peripheral sulfonylureas on neuro-
logical features of DEND, nKATP-GOF mice were implanted
with slow-release glibenclamide (Glib) pellets. Glib-nKATP-GOF

mice showed significant increases in distance traveled in the
periphery [F(1, 18) = 4.644, P = 0.0450] (Fig. 7C) and reduced
time to the top of the 90˚ screen [F(1, 18) = 4.593, P = 0.046]
(Fig. 7F) but no differences in total ambulations, rearing fre-
quency, center entries (Fig. 7 A, B, and D), or pole climb-down
time (Fig. 7E). Glib-nKATP-GOF mice showed no deficits in
escape path length but had impaired latency [F(1, 18) = 7.137,
P = 0.0156] and swimming speeds [F(1, 18) = 12.71, P = 0.0022]
during MWMcued trials (Fig. 6 G–I) and impaired escape path
length [F(1, 18) = 20.01, P = 0.0003], latency [F(1, 18) = 36.68,
P < 0.00005], and swimming speeds [F(1, 18) = 11.29, P =
0.0035] during place trials (Fig. 7 J–L). Glib-nKATP-GOF mice
showed reduced platform crossings [F(1, 18) = 21.94, P =
0.0002] and time in target quadrant [F(1, 18) = 38.87, P =
0.00005] and no spatial bias during probe trials (Fig. 7 M
and N). During fear conditioning, Glib-nKATP-GOF mice exhib-
ited similar baseline freezing levels on day 1 but lower freezing
levels during certain training trials [F(1, 18) = 4.768, P = 0.0425,
genotype-by-time interaction: F(2, 36) = 4.525, P = 0.0188]
(Fig. 7O). Contextual conditioning was still significantly impaired
in Glib-nKATP-GOF mice [F(1, 18) = 20.69, P = 0.0002]
(Fig. 7P). No significant differences were observed during the
altered-context baseline, but Glib-nKATP-GOF mice demon-
strated significantly lower freezing levels on average across minutes
during the auditory cue test [F(1, 18) = 7.567, P = 0.0131] (Fig. 7Q
and SI Appendix, Table S5).

Severely Diabetic βKATP-GOF Mice Did Not Demonstrate Cognitive
Deficits. To test if diabetes contributes to the neurological fea-
tures of DEND, pancreatic β-cell–specific KATP-GOF mice (SI
Appendix, Fig. S1G) (9) were assayed on behavioral tests. βKATP-
GOF mice displayed reduced ambulations [F(1, 18) = 6.845, P =
0.0175] and distance traveled in the periphery [F(1, 18) = 9.048,
P = 0.0076] and increased resting time [F(1, 20) = 2.770, P =
0.0188] (SI Appendix, Fig. S5 A, C, and E) with no differences in
vertical rearing or center entries (SI Appendix, Fig. S5 B and D).
Sensorimotor battery tests showed a significant increase in the
time to climb to the top of 60o [F(1, 18) = 8.274, P = 0.0100]
and 90o screens [F(1, 18) = 6.570, P = 0.0196] (SI Appendix,

A B

Fig. 5. nKATP-GOF mice and hKATP-GOF mice show significant changes to LTP induction. (A) LTP induction in hippocampal slices in nKATP-GOF mice (red,
n = 7, 5 mice) relative to controls (gray, n = 10, 6 mice). (Insets) Representative fEPSP traces before (black) and after LTP induction in control (black to
gray) and nKATP-GOF mice (black to red). (B) LTP induction in acute hippocampal slices in hKATP-GOF mice (blue, n = 8, 3 mice) and controls (gray, n = 12,
8 mice). (Insets) Representative fEPSP traces before (black) and after LTP induction in control (black to gray) and hKATP-GOF mice (black to blue). The
dashed line indicates a baseline of 100% fEPSP slope. The arrow indicates the application of 100 Hz tetanus. Immunostains demonstrate representative
recording locations in nKATP-GOF and hKATP-GOF frozen sections. *P < 0.05, **P < 0.01.
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Fig. S5 F and G) but no differences in time on ledge, pole
climb-down time, or time on inverted screen (SI Appendix, Fig.
S5 H, I, and J). βKATP-GOF mice did not exhibit performance
deficits on MWM-cued or place trials (SI Appendix, Fig. S5
K–N). βKATP-GOF mice showed a significant decrease in plat-
form crossing [F(1, 18) = 13.05, P = 0.0020] (SI Appendix, Fig.
S5O) but no differences in time in the target quadrant and no
evidence of spatial bias in probe trials (SI Appendix, Fig. S5P).
βKATP-GOF mice did not show differences in freezing during
baseline or tone/shock training on day 1 (SI Appendix, Fig. S5Q)
but significantly increased freezing [genotype-by-time

interaction, F(7, 126) = 3.060, P = 0.0100] during certain
minutes of contextual fear conditioning (SI Appendix, Fig. S5R).
βKATP-GOF mice showed variably increased altered-context
baseline freezing [genotype-by-time interaction, F(7, 126) =
7.224, P = 0.0150] but no differences during the actual auditory
cue test (SI Appendix, Fig. S5S and Table S6).

Discussion
KATP-GOF–activating mutations are the most common cause of
neonatal diabetes and are associated with DEND syndrome

Fig. 6. Current densities in dissociated hippocampal neurons from nKATP-GOF and hKATP-GOF mice. (A) Representative trace of voltage ramp protocol
from control neuron, from low potassium (Na1) to high-potassium (K1), to high-potassium with 300 mM Dz, to high-potassium with 500 mM Tol, high-
potassium (K2), to low-potassium (Na2). (Lower) Schematic of the voltage ramp protocol used. The arrow indicates the point at which the current was
measured and analyzed, �120 mV after 10 ms settling. (B) Hippocampal neurons recorded from Kir6.2-KO mice (yellow, n = 6). (C) Hippocampal neurons
from nKATP-GOF mice (red, n = 14) and littermate controls (gray, n = 12). Current densities in nKATP-GOF mice were recorded with 0 mM Mg-ATP- (red) or
0.5 mM Mg-ATP-internal solutions (brown, n = 11). (D) Drug sensitivity was measured by subtracting Dz from Tol current densities (Dz-Tol) for each geno-
type in (C). (E) Hippocampal neurons from hKATP-GOF mice (blue, n = 6) and littermate controls (white, n = 6). (F) Drug sensitivity (Dz-Tol) for data in (E)
is shown. Statistical significance was assayed with two-way (2 × 6 genotype-by-bath condition) ANOVA with pairwise post-hoc comparisons in which *P <
0.05 represents a significant main effect. Nonsignificant differences are not indicated.
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Fig. 7. Glib therapy selectively improves locomotor and sensorimotor, not neurological, features of DEND. Locomotor activity: (A) total ambulations,
(B) vertical rearings, (C) distance traveled in the periphery, and (D) center entries in Glib-nKATP-GOF (pink, n = 11) and littermate controls (white, n = 11).
Sensorimotor battery: (E) pole climb-down time and (F) time to the top of a 90° inclined screen. MWM-cued trials: (G) escape path length, (H) escape path
latency, and (I) swimming speeds. MWM place trials: (J) escape path length, (K) escape path latency, and (L) swimming speeds. MWM probe trial: (M) plat-
form crossings and (N) time in the target quadrant and spatial bias. Glib-nKATP control mice demonstrated spatial bias for the target quadrant by spend-
ing significantly more time in it versus the other pool quadrants (all Ps < 0.0001), but Glib-nKATP-GOF did not demonstrate a similar bias. Fear condition-
ing: (O) tone–shock baseline training, (P) contextual fear, and (Q) auditory cue tests. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. All tests shown
in this figure were acquired from the same cohort.
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(4–8, 23). Hyperactivity in nKATP-GOF mice is consistent with
findings in mouse models of attention-deficit hyperactivity dis-
order (ADHD) (27) and correlates with ADHD diagnoses in
individuals with KATP-GOF–induced DEND (4, 28). They also
mirrored the opposite effects: hypoactivity and impaired motor
function observed in KATP-KO mice (15). Sensorimotor deficits
in nKATP-GOF mice are consistent with clinical reports showing
neuromuscular problems and developmental delay in motor
milestones in individuals diagnosed with DEND (7, 23), deficits
that had been ascribed to KATP-GOF expression in cerebellar
Purkinje neurons in mice (10). The impairment in escape path
length and latency in nKATP-GOF mice in MWM-cued trials
suggests that nonassociative factors (visual/sensorimotor distur-
bances) affected their performance to locate and swim to the
platform, which is supported by slower swimming speeds and
poor sensorimotor performance, factors which may also have
influenced their reduced performance on place and probe
trials. Impairments in contextual fear and auditory cue condi-
tioning in nKATP-GOF mice could arise from faster habituation
relative to controls or from an inability to sustain freezing
because of hyperactivity. These results are consistent with
impairments to acquisition and early consolidation of contex-
tual memory in C57BL/6J mice intrahippocampally injected
with Dz (17). Strikingly, βKATP-GOF mice, with the expression
of KATP-GOF channels in pancreatic β-cells, demonstrated
severe diabetes but not broad neurological features, further
suggesting that the neurological features of DEND arise from
expression of KATP-GOF channels in the brain.

By contrast, hKATP-GOF mice did not show significant impair-
ments on sensorimotor or rotarod tests, although they demon-
strated increased locomotor activity. Slower swimming speeds in
hKATP-GOF mice suggest that they may not be completely free
of compromised motor function; however, the impaired reten-
tion performance in the probe trial was as strong as in nKATP-
GOF mice. Indeed, since no significant spatial learning deficits
were observed in the hKATP-GOF mice, we cannot conclude that
poor performance on the probe trial is due to slower swimming
speeds but may reflect a selective retention deficit. A specific
contextual conditioning deficit in the absence of an auditory cue
impairment in hKATP-GOF reinforces the hippocampal specific-
ity and symptomatology of this model and suggests that addi-
tional findings in auditory fear conditioning in nKATP-GOF mice
have an extrahippocampal origin. These results are in agreement
with intellectual learning and memory deficits observed in
human DEND (4–8, 23). Our studies not only parallel the cogni-
tive deficits reported in humans carrying KATP-GOF mutations
(29–31) but also underscore the role of hippocampal KATP chan-
nels in learning and memory processes.

We have provided substantial evidence here that the neuronal
expression of KATP-GOF subunits leads to motor dysfunction and
spatial learning and memory deficits in KATP-GOF mice. Surpris-
ingly, somewhat similar effects were previously reported in global
KATP-KO mice (17). However, the application of Glib directly
into central neurons by intraseptal injection improved spontane-
ous alternation and memory defects induced by galanin or
morphine in rats (18, 19), which suggests that the loss of KATP in
nonhippocampal neurons may contribute to the learning and
memory deficits in the global KATP-KO animal. In our study,
impaired LTP induction in hippocampal slices from KATP-GOF
mice was associated with cognitive deficits. KATP channels are
present pre- and postsynaptically in CA1 hippocampal neurons
(20, 32). Thus, KATP-GOF mutations may provide a barrier to
LTP by persistently reducing presynaptic membrane potential
and decreasing Ca2+ influx while postsynaptically reducing N-
methyl-D-aspartate receptor (NMDAR) function by retaining
Mg2+ channel block. The KATP-GOF mutation used here is
expected to increase channel open probability and reduce ATP
sensitivity but maintain maximum whole-cell KATP conductances.

While dissociated hKATP-GOF neurons demonstrated no overall
changes in whole-cell KATP currents, nKATP-GOF neurons
showed an overall small reduction relative to control littermates.
Given the very small conductances and variability in the sampled
measurements, this could potentially reflect compensatory
changes in channel availability, but it is consistent with the lack
of any gross increase in KATP channel density driving the
phenotype.

In dissociated hippocampal neurons from both nKATP-GOF
and hKATP-GOF mice, sensitivity to Tol is still observed, indicat-
ing inhibition of KATP by direct pharmacological action. Homo-
meric expression of the same Kir6.2 N-terminal truncation in
recombinant cell lines resulted in reduced sensitivity to Tol (33);
however, in the present study, Kir6.2[K185Q,ΔN30] mutant subunits
are expressed with endogenous wild-type Kir6.2 subunits,
approximating the human heterozygous condition and forming
functional channels with varying Tol sensitivity as a result of vari-
able wild-type and mutant subunit ratios. This may help to
explain why neurons in a dissociated culture did not demonstrate
any obvious difference in Tol sensitivity. Intraseptal injections of
Glib attenuate galanin- or morphine-induced behavioral impair-
ments in rats, suggesting a direct effect of this drug on KATP

channels to modulate neural function and behavior (18, 19).
Given this, the failure of Glib-treated nKATP-GOF mice to dem-
onstrate broad improvements in sensorimotor and cognitive fea-
tures is surprising but consistent with previous findings showing
that systemic administration of Glib fails to achieve therapeutic
levels in the brain and cerebrospinal fluid of normal rodents,
even with doses 10 times higher than those used in our study
(34). Improvements in some sensorimotor features in Glib-
treated nKATP-GOF mice may thus reflect sulfonylurea action on
KATP channels in the peripheral nervous system. These results
are consistent with findings in humans treated with sulfonylureas
in which the restoration of muscular tone and other sensorimotor
functions is far more common than improvements in cognitive
deficits (4, 7, 8, 23–25, 30, 35, 36).

These findings indicate that KATP-GOF channels in hippocam-
pal neurons play an important role in learning and memory defi-
cits and that the cognitive deficits in DEND result from neuronal
KATP-GOF expression rather than from diabetes per se. The inef-
ficacy of sulfonylureas in improving cognitive deficits in mice is in
agreement with the limited neurological improvements observed
in human DEND treatment. These studies have important clini-
cal implications, pointing to potential mechanisms underlying
cognitive deficits of KATP-induced DEND and indicating the
need for novel drugs to treat neurological features arising from
KATP-GOF mutations while also providing a platform to study
other brain abnormalities induced by ion channel dysfunction.

Methods
Animals. Cre-inducible Kir6.2[K185Q,ΔN30]-GOF transgenic mice were previously
generated (9) (SI Appendix). Kir6.2[K185Q,ΔN30] mice were crossed to Syn-Cre
mice (37), dopamine receptor D3-Cre (Drd3-Cre) mice [rederived “in house”
(38)], or tamoxifen-inducible Pdx-CreERTx mice to generate pan-neuronal
nKATP-GOF (SI Appendix, Fig. S1B), hippocampus-specific neuronal hKATP-GOF
(SI Appendix, Fig. S1C), or pancreatic β-cell–specific βKATP-GOF mice, respec-
tively (SI Appendix, Fig. S1D, induced by tamoxifen at 6 wk old) (9). Age-
matched single transgenic (Syn-Cre, Drd3-Cre, Pdx1-Cre, or Kir6.2[K185Q,ΔN30])
andwild-type littermates were used as controls since no significant differences
among genotypes were found (9). Because the mice were generated under
different promoter-Cre backgrounds across studies, we have compared
mutant KATP-GOF mice to their respective control littermates within a cohort.
KATP-KO mice were generated by the targeted disruption of the gene encod-
ing for the Kir6.2 subunit of the KATP channel (39). Mice were maintained on a
regular chow diet and housed in a 12-h light–dark cycle. All experiments were
performed in compliance with relevant laws and institutional guidelines and
were approved by the Washington University Animal Studies Committee's
Institutional Animal Care and Use Committee (IACUC) Protocol Approval Ani-
malWelfare Assurance No. A-3381–01.
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One-Hour Locomotor Activity and Sensorimotor Battery. Locomotor activity
was evaluated as previously described (40). General activity variables (total
ambulations, the number of vertical rearings) were collected along with emo-
tionality indices (time spent, distance traveled, and entries made in central
zone and distance traveled in peripheral contiguous area). The following day,
mice were run on a battery of sensorimotor tests (ledge and platform;
inverted screen; pole, inclined screens, and rotarod) to assay balance, strength,
coordination, andmovement initiation (for details, see SI Appendix). The aver-
ages of two trials/tests/mice were used in all analyses. The rotarod-evaluated
mice during three test sessions were separated by 4 d to minimize motor
learning. The rod was stationary for trial 1 and continuously rotated at cons-
tant speed (2.5 rpm) for trials 2 and 3. For trials 4 and 5, the rod rotated at an
accelerating speed (0.13 rpm/s). The time an animal remained on the rod was
used as the dependent variable.

MWM Navigation. Spatial learning and memory were assessed using the
MWM 3 d after completion of the sensorimotor battery. A computerized
tracking system (ANY-maze; Stoelting) (40, 41) recorded the swimming path-
way of the mouse to the escape platform and quantified path length, latency
to the escape platform, and swimming speeds during cued, place, and probe
trials conducted in a pool of opaque water. Cued trials were conducted four
times/day for 2 consecutive days for a total of eight trials with an intertrial
interval (ITI) of 30 min and a 60 s maximum/trial, and performance was ana-
lyzed as four blocks of two trials. After 3 d, spatial learning was assessed on
place condition, two blocks of two consecutive trials over 5 d with 60 s maxi-
mum/trial and an ITI of 30 s spent on platform. Blocks were separated by ∼2 h
and analyzed over five blocks of four trials, each block representing 1 d of
training. A 60-s probe trial was administered ∼1 h after the last place trial on
day 5 when the platform was removed, and the mouse was released into
the maze from the quadrant opposite where the platform was located. The
amount of time the mouse spent in each quadrant of the pool and the num-
ber of times it crossed the exact location where the platform had been
were recorded.

Conditioned Fear. Fear conditioning was evaluated as previously described
(41) after examining spatial learning and memory. Mice were placed into one
of two Plexiglas conditioning chambers (26 cm × 18 cm × 18 cm; Med-Associ-
ates), each of which contained distinct visual, tactile, and olfactory cues.
Freezing behavior was assessed for a 2-min baseline period prior to
tone–shock conditioning. After spending 3 min in the conditioning chamber,
and every 60 s thereafter, the mice were exposed to three tone–shock pair-
ings. Each pairing consisted of 20 s broadband white noise presented at 80 dB
(conditioned stimulus; CS), with 1.0 mA continuous foot shock (unconditioned
stimulus) presented during the last second of the tone. Mice were placed back
into the same conditioning chamber the following day, and freezing behavior
was measured over an 8-min period. After 1 d, mice were placed into a differ-
ent “altered context” chamber to assay context-independent fear condition-
ing. Freezing behavior was recorded for a 2-min baseline period, after which
mice were assessed on the auditory cue test, which involved the presentation
of the tone (CS) over an 8-min period. Freezing behavior was quantified using
FreezeFrame image analysis software (Actimetrics), during which freezing was
defined as nomovement beyond that associated with breathing. The data are
presented as a percentage of time spent freezing relative to the total dura-
tion of the trial. Shock sensitivity was evaluated after fear conditioning as
previously described (42).

Chronic Sulfonylurea Treatment. Glib (Glyburide) pellets at the concentration
of 2.5 mg per 60-d release were obtained from Innovative Research of Amer-
ica. Mice that were 6-wk-old were anesthetized with Avertin # (0.25 mg/g
mouse bodyweight), the skin on the lateral side of the neck of the animal was
lifted, and pellets were implanted under the skin of the neck using a stainless-
steel precision trochar (43). A total of 3 wk after pellet implantation, all mice
were tested in the same behavioral suites as above (One-Hour Locomotor
Activity and Sensorimotor Battery,MWMNavigation, Conditioned Fear).

LTP
Hippocampal slice preparation. Mice were collected at P30-60, anesthetized,
and then their brains were harvested and transferred immediately to ice-cold
sucrose-based artificial cerebrospinal fluid with 95% carbogen and prepared
by vibratome (Leica VT1200) into 300-μm coronal hippocampal slices. The prep-
aration for all solutions and specific procedures are described in SI Appendix.

Electrophysiology recording. All hippocampal slice experiments were per-
formed in extracellular current-clamp mode at 30°C and recorded using

pClamp 9.2 software (Axon Instruments/Molecular Devices), digitized at
20 kHz, and filtered at 2 kHz. The fEPSPs were recorded in response to current
injections (Grass Instrument-S88-stimulator) in the stimulating electrode every
20 s. After establishing maximum fEPSP amplitude with an input–output
curve, current injection levels were reduced to 40% of maximum and at least
25 min of baseline recorded (see SI Appendix for details). After baseline, a
100-Hz tetanus stimulus was applied to the slice to induce LTP, and recording
continued for at least 1 h to assess LTP induction. The slope of the rising phase
(0 to 50% maximum amplitude in trace) of the fEPSP was recorded as the
main determinant of changes in synaptic plasticity (see SI Appendix for
more details).

Whole-Cell Patch Clamp Electrophysiology in Dissociated Hippocampal
Neurons. Hippocampal tissue from P0-P3 experimental/control mice was disso-
ciated and plated as a single-cell suspension onto collagen-coated tissue-cul-
ture plates. Cells were first bathed in high-sodium (identical to low-potassium
solution) solution prior to local perfusion with experimental solutions (see SI
Appendix for more details). Dz (300 mM) or Tol (500 mM) were prepared
in high-potassium solution. Membrane potential was initially clamped at
�70 mV and then pulsed to �120 mV for 10 ms to allow for settling. Voltage
was then ramped up at a rate of 40 mV/s to amaximumof 40mVbefore being
stepped down again to �70 mV with voltage ramps repeated three times per
condition. Currents at �120 mV (after 10-ms recovery) were measured to
maximize potassium channel–mediated conductances. All recordings were
performed at room temperature.

Statistical Analyses.
Mouse behavior. Data are presented as mean 6 SEM. Statistical significance
was determined using unpaired Student’s t tests (asterisks). Two-way
repeated-measures ANOVA (asterisks within parentheses (*)) with one
between-subjects (genotype) and one within-subjects (blocks of trials) varia-
bles were used to analyze locomotor activity, rotarod, MWM, conditioned
fear, LTP, and GTT data. To protect against violations of sphericity, we used
the Geisser–Greenhousemethod to adjust α-levels for all within-subject effects
containing more than two levels. Simple effects tests were conducted follow-
ing certain significant interactions and subsequent pairwise comparisons and
Bonferroni correction to control for alpha inflation because of multiple com-
parisons (GraphPad Prism 8.4.0).

LTP electrophysiology. The slope of the rising phase of the fEPSP was calcu-
lated as the average of the maximum slopewithin the first 0 to 50% of the ris-
ing phase and the five preceding and five subsequent digitized samples.
Slopes from successive recordings within a 3-min window were also averaged.
Slopes were expressed as a percentage of baseline (calculated as the average
maximum slope of the 20-min preceding LTP induction). Data were analyzed
using custom MATLAB scripts (MATLAB and Statistics-Toolbox-Release-2018b,
The MathWorks) and Microsoft Excel. Significance levels are denoted in each
figure, and nonsignificant differences are not indicated.

Dissociated culture electrophysiology-. Current amplitudes at �120 mV
(after 10 ms settling) were measured and normalized to cell capacitance.
These current densities were then analyzed with two-way ANOVAs with the
genotype (two levels) and the bath condition (six levels) as the between- and
within-subjects factors, respectively. The Geisser–Greenhouse method was
used to correct for violations of sphericity. Post-hoc pairwise Student’s t tests
comparing bath conditions (Na1 to Na1, Dz to Dz, etc.) across genotypes were
performed using the Bonferroni correction to adjust for multiple comparisons.
Within cells, KATP drug sensitivity was calculated as the difference in current
density between Dz and Tol conditions. Differences in KATP drug sensitivities
across genotypes with or without internal ATP were analyzed using unpaired
two-tailed Student’s t tests.

Data Availability. All study data are included in the article and/or SI Appendix.
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