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The neuropathological effects of phenylketonuria (PKU) stem from the inability of the body to
metabolize excess phenylalanine (Phe), resulting in accumulation of Phe in the blood and brain.
Since the kidney normally reabsorbs circulating amino acids with high efficiency, we hypothesized
that preventing the renal uptake of Phe might provide a disposal pathway that could lower systemic
Phe levels. SLC6A19 is a neutral amino acid transporter responsible for absorption of the majority
of free Phe in the small intestine and reuptake of Phe by renal proximal tubule cells. Transgenic

KO mice lacking SLC6A19 have elevated levels of Phe and other amino acids in their urine but are
otherwise healthy. Here, we crossed the Pah*™ mouse model of PKU with the Slc6a79-KO mouse.
These mutant/KO mice exhibited abundant excretion of Phe in the urine and an approximately 70%
decrease in plasma Phe levels. Importantly, brain Phe levels were decreased by 50%, and the levels
of key neurotransmitters were increased in the mutant/KO mice. In addition, a deficit in spatial
working memory and markers of neuropathology were corrected. Finally, treatment of Pah®"? mice
with Slc6a19 antisense oligonucleotides lowered Phe levels. The results suggest that inhibition of
SLC6A19 may represent a novel approach for the treatment of PKU and related aminoacidopathies.

Introduction

As with all the other amino acids, free phenylalanine (Phe) is carefully regulated to maintain steady-state lev-
els in the body. Inputs of Phe come mainly from the enzymatic digestion of dietary proteins and the normal
turnover of proteins in tissues, while outputs of free Phe include hydroxylation to tyrosine, incorporation
into new proteins, and, to a minor extent, transamination to phenylketones that are excreted in the urine
(1, 2). The primary catabolic pathway for Phe is its conversion to tyrosine by Phe hydroxylase (PAH) (3). In
patients with the autosomal recessive disorder phenylketonuria (PKU) this pathway is disrupted or impaired
due to mutations or deletions in the gene encoding PAH (4). Very rarely PAH activity is diminished due
to defects in the synthesis or regeneration of tetrahydrobiopterin, the essential cofactor for the enzyme (5).
In either case, the consequence is an accumulation of Phe in blood and tissues. Although the pathological
mechanism is not completely understood, elevated Phe levels have been reported to underlie several neuro-
pathological alterations in the brain, including reduced myelination, impaired dendritic arborization, gliosis,
oxidative stress, decreased levels of neurotransmitters (dopamine, serotonin, norepinephrine), and decreased
cerebral protein synthesis and glucose metabolism (6-8). If untreated, PKU leads to severe and irreversible
mental retardation. Adherence to a strict low-Phe diet initiated soon after birth prevents most of the severe
manifestations of the disease. However, compliance is often poor, and the majority of adolescents and adults
have Phe levels above the recommended range, resulting in poor academic performance and emotional,
behavioral, and social problems (9, 10). In addition, even stricter control of Phe intake is of crucial impor-
tance for women who become pregnant, since elevated Phe levels are highly teratogenic to the developing
fetus (11). This regimen is very difficult, and, consequently, the frequency of newborns with neurocognitive
defects remains unacceptably high (12). Therefore, there is a significant unmet medical need for therapies
that can at least partially restore Phe homeostasis and bring free Phe toward more normal levels.

The highly efficient retrieval of filtered peptides and amino acids by the kidney acts as a barrier against
removal of excess Phe from the blood. Reabsorption of nearly all amino acids in the glomerular filtrate
occurs in the proximal convoluted tubule, whose cells contain transporters for cationic, anionic, and neutral
amino acids (13, 14). Solute carrier family 6 member 19 (SLC6A19) is a sodium/neutral amino acid sym-
porter that is localized to the apical membrane of the proximal tubule (15). SLC6A19 has a preference for
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large- and branched-chain neutral amino acids, such as leucine, isoleucine, methionine, and glutamine, but
transports all neutral amino acids, including Phe, tyrosine, and tryptophan. The associated transmembrane
protein 27 (TMEM27), also known as collectrin, is required for the proper trafficking and localization of
SLC6A19 to the apical membrane (16-18). In addition to SLC6A19’s role in the kidney, the transporter is
also expressed in the enterocytes of the small intestine, where it is responsible for absorption of the major-
ity of free neutral amino acids. The obligate partner for intestinal SLC6A19, where TMEM27 is absent,
is angiotensin-converting enzyme 2 (ACE2), whose C-terminus is homologous to TMEM27 (19). Mice
lacking SLC6A19 exhibit neutral aminoaciduria, reduced body weight, and a decreased insulin response
but have a normal life span and are otherwise healthy (20).

In this study, we investigated the effects of blocking neutral amino acid transport in the Paz*™? mouse
model of PKU. Pah™? mice contain a point mutation in the active site of the PAH enzyme that abolishes
enzyme activity, resulting in Phe levels that are 10- to 20-fold higher than normal (21). Furthermore, Pak*?
mice share several features with untreated human PKU patients, including retarded growth, microcephaly,
deficiencies in neurogenic amines, and behavioral and memory deficits (22-25). We utilized two approach-
es to inhibit neutral amino acid transport. First, we generated Pah®2 mice lacking SLC6A19. Second,
we used antisense oligonucleotides to knock down SLC6A19 in the kidney of the Pah®™? mouse. Both
approaches resulted in substantial excretion of Phe in the urine and marked improvements in the biochem-
ical and neurologic abnormalities present in the Pas™? mouse.

Results

Generation of Pah™? mice lacking SLC6A419. To determine the effect of completely abolishing SLC6A19
function in the PaA®? mouse, heterozygous Pah™? females were mated with heterozygous Sic6al9-KO
(Slc6a19-KO) males to generate mice heterozygous for both the Pas*™? and Sic6al9 genes. Pah®?/ Sic6al19
heterozygous mice were then intercrossed to generate homozygous Pah**? mice lacking Slc6al9. We con-
firmed the absence of SLC6A19 expression by probing kidney lysates with antibodies against SLC6A19
(data not shown). The Pah®? x Slc6a19-KO mice were generated at the expected Mendelian frequency,
and the offspring were healthy and normal in appearance.

‘We monitored the growth of the different genotypes of mice through the first 4 months after birth. At
weaning, wild-type mice were approximately 30% heavier than the Pah, Slc6al9, and Pahe*> x Slc6a19-KO
mice, and they maintained this elevated weight throughout the first 16 weeks (Figure 1). The Pas*™? mice were
the smallest of the 4 genotypes, with their weight appearing to plateau beginning at approximately 12 weeks
of age. The Slc6a19-KO mice were also small at weaning but continued to gain weight through week 16. The
growth of the Pah*™? x Slc6al9-KO mice roughly paralleled that of the Slc6al9-KO animals, with their growth
rate falling midway between that of the wild-type and Pah™? mice (Figure 1). The results demonstrate that
the absence of SLC6A19 had a beneficial effect on postnatal growth in the context of the PaA*? mutation.

Abundant excretion of Phe in the urine of Pah™? mice lacking SLC6A419. To determine the degree of aminoac-
iduria induced by knocking out Sk6al9, mice were placed in metabolic cages and urine was collected over a
24-hour period. Wild-type mice excreted negligible amounts of amino acids in the urine, as expected (Table 1).

https://doi.org/10.1172/jci.insight.121762 2


https://doi.org/10.1172/jci.insight.121762

RESEARCH ARTICLE

Table 1. Urine amino acid levels

Amino acid Pah*? x Slc6a19-KO urine (ng) Pah*™? x Slc6a19 Het urine (ug) Pah*"? urine (ng) SIc6a79-KO urine (ng) Wild-type urine (ng)
Glycine 3,808 + 1,325 1,313 £ 1,156 73 £30 4,471+ 39 60 + 22
Serine 4,404 +790 547 + 523 43 + 22 5,214 +£1,272 30+13
Asparagine 2,064 + 680 195 +185 47 + 16 1,878 + 875 3l 2= 3}
Aspartic acid 156 + 106 42 £19 32+17 353 + 261 25+10
Glutamine 47,873 + 8,276 2,681+4144 76 + 36 56,458 + 17,392 118 +79
Glutamic acid 884 + 363 74 + 35 47 £17 1,029 + 543 91+ 67
Threonine 5,538 + 1,150 1,202 + 459 119 + 66 6,172 + 1,081 60 + 43
Alanine 11,431+ 2,165 394 + 424 52+16 12,741 + 3,091 47 + 4
Cystine 1,156 + 608 128 + 27 26 +13 1199 + 174 37+44
Lysine 1,639 £1,037 6311 37+9 1,685 + 923 3811
Proline 58 +18 88 + 127 27 +2 84 +44 24 + 8
Histidine 4,216 + 521 877 +753 53 +27 4,565 + 645 33+£17
Tyrosine 4,373 + 978 314 + 253 30+ 1 7,522 +1,774 29+8
Methionine 8,514 £+ 1,712 2,084 + 334 462 + 248 9,458 + 1854 244 +165
Arginine 787 + 264 62 + 25 40+9 705 + 228 40 + 24
Leucine 10,069 + 2,218 517 + 234 53+25 10,345 +1,381 49 +14
Isoleucine 3,501+ 932 136 + 46 136 3,753 +183 17+4
Phenylalanine 13,607 £ 779 2,979 + 2,394 256 £ 119 3,328 £ 516 27 +2
Tryptophan 513+73 142 + 111 14+4 523 +75 103
Valine 5,358 £ 1630 179 + 68 28 +12 6,103 + 352 21+6

Total amino acid mass (concentration x volume) after 24-hour urine collection.
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Pah™? mice likewise excreted very small amounts of amino acids with the exception of Phe, with Phe levels
10-fold higher those of wild-type mice (Table 1 and Figure 2A). This increase is likely the result of the extremely
elevated Phe levels in the blood, exceeding the capacity of the renal proximal tubule to reabsorb Phe. Sk6a9-KO
mice excreted substantial amounts of almost all amino acids, reflecting the broad substrate specificity of this
transporter. Glutamine, the most abundant amino acid in blood, was also the most abundant amino acid present
in the urine of the Slk6al9-KO animals, followed by the neutral amino acids alanine, leucine, and methionine
(Table 1). Phe amounts in the urine of Sk6a/9-KO mice were elevated more than 100-fold over those of wild-
type mice (3,328 + 516 pg versus 27 * 2 pg: total excreted over a 24-hour period). Phe amounts in the urine of
Pah™? x heterozygous Slc6al9 mice (Pah™? x Slc6al9 Het mice) were also elevated, likely reflecting a combina-
tion of the partial loss of transporter activity and the highly elevated Phe levels in the Pa/#*? mice. However,
Phe levels were by far the highest in the urine of Pah™? x Slc6a19-KO mice, which excreted 500-fold more Phe
in the urine (13,607 + 779 pg) compared with wild-type animals and 50-fold more Phe compared with Pa#*™?
mice (Table 1 and Figure 2A). Thus, genetic deletion of Slc6al9 in Pah*? mice promoted impressive excretion
of Phe in the urine.

Dramatic reductions in blood and brain Phe levels in Pah®*? mice lacking SLC6A19. Because loss of SLC6A19
led to severe urinary aminoaciduria, we next assessed what effect loss of this transporter had on amino acid
levels in the blood. Despite the marked accumulation of a broad spectrum of amino acids in the urine, the
levels of amino acids in plasma were comparable in either mice containing or lacking Sic6al9 (Table 2). For
example, tyrosine levels were similar in wild-type (140 £ 30 uM) and Slc6a19-KO (134 + 10 uM) animals
and comparably lower both in Pa/*™? mice (68 £ 10 uM) and in Pah*™? x Slc6a19-KO mice (75 + 12 uM).
The important exception was Phe, by far the most abundant amino acid (1,875 + 328 uM) in plasma of
Pah®™? mice, which decreased by approximately 70% (to 573 + 105 pM) in Pah™? x Slc6a19-KO animals
(Table 2 and Figure 2B). Thus, loss of SLC6A19 in Pa/*? mice substantially and specifically reduced Phe
relative to other circulating amino acids.

As was observed in plasma, similar levels of amino acids were present in the brains of both wild-type
and Slc6a19-KO mice (Table 3). In Pah®™? mice, brain Phe levels were elevated 5-fold relative to levels in
wild-type animals (Figure 2C). In Pah®™? x Slc6a19 Het mice, even though there was increased excretion of
Phe in urine, brain Phe levels did not decrease relative to the levels in Pah®? mice (Figure 2C). However, in
Pahe™? x Slc6a19-KO mice, brain Phe levels decreased by 50% relative to the levels in Pak™? mice. Notably,
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Figure 2. Decreased Phe levels in Pah*"2 mice lacking Slc6a19. (A) Excretion of Phe in the urine of Pah®™2 x Slc6a19-KO0 mice. Mice were placed in meta-
bolic cages, and urine was collected for 24 hours. (B) Phe levels in plasma. (C) Phe levels in the brain. Animals were perfused with PBS and whole brains
were harvested. Phe was quantitated by HPLC/tandem MS/MS. Phe is expressed as milligram Phe per liter of brain homogenate. n = 8-10 animals/group.
One-way ANOVA was performed, follow by Tukey’s multiple comparisons test. ***P < 0.0001. Mean + SEM is shown.
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brain tyrosine and tryptophan levels in Pah®™? x Slc6al9-KO mice were unchanged relative to the levels in
wild-type animals (Table 3). These results demonstrate that deletion of Slc6al9 resulted in strikingly signif-
icant decreases in both plasma and brain Phe levels, with modest effects on the levels of other amino acids.

Restoration of multiple neurogenic amines in the brains of Pah? mice lacking SLC6A19. Prior to the wide-
spread implementation of newborn screening and dietary Phe restriction, early studies in untreated PKU
patients found decreased blood concentrations of serotonin, dopamine, and norepinephrine and reduced
excretion in the urine of these neurotransmitters and their metabolites such as 5-hydroxyindoleacetic acid
(5-HIAA) (26). Reduced levels of neurogenic amines were also found in the Paz*? mouse (24, 25, 27). The
levels of serotonin, 5-HIAA, dopamine, and norepinephrine were confirmed to be decreased in the brains
of the Pah™? mice in our colony compared with those in their wild-type and Slc6a19-KO littermates (Figure
3). In contrast, we observed significant (P < 0.0001) increases in serotonin and 5-HIAA in the brains of the
Pahe™? x Slc6al19-KO mice. Moreover, dopamine levels in Pah? x Slc6al9-KO mice were comparable to
wild-type levels, and the levels of norepinephrine were also increased compared with those in Pas? mice
(Figure 3, B and D). Thus, KO of Sic6a19 in the Pah®™? mouse substantially corrected the deficits in several
neurogenic amines critical for cognition and normal brain development.

Reduced astrocyte proliferation in the brains of Pah®? mice lacking SLC6A19. Besides a decrease in neu-
rotransmitter levels, elevated brain Phe has been reported to result in a number of neuropathological alter-
ations in untreated PKU patients and in the PaA*? mouse, including hypomyelination, oxidative stress, and
gliosis (6, 28-30). We examined different brain regions for evidence of astrocyte proliferation by immu-
nohistochemical staining of brain sections using a glial fibrillary acidic protein antibody. Compared with
wild-type animals, we observed in the Pa/*™? mice an increased number of astrocytes in the ventral pall-
idum, a structure within the basal ganglia involved in motor functions, motivated behaviors, and working
memory (31, 32) (Figure 4). The number of astrocytes was at normal levels in Pah®™? x Slc6a19-KO mice,
indicating that the reduction of Phe in the brains of Pah™? x Slc6a19-KO mice was sufficient to ameliorate
a critical aspect of the neuropathology associated with PKU.

Increased dendritic spine density and branching in the brains of Pah? mice lacking SLC6A419. Another adverse
consequence of elevated brain Phe is a negative effect on learning and memory. An examination of brains
from profoundly retarded, untreated PKU patients found a prominent decrease in synaptic spines of neu-
rons in the prefrontal cortex and other regions and a scarcity of dendritic arborizations (33, 34). Given the
importance of dendritic spines in learning and memory storage, brains from wild-type, Pah®?, and Pah®?
x Slc6a19-KO mice were sectioned and subjected to Golgi-Cox staining to visualize neuronal morphology.
High-resolution videos were collected and processed to generate 2-dimensional tracings of neurons in the
hippocampus and prefrontal cortex, and the number of individual spines along the length of representative
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Table 2. Plasma amino acid levels

Amino acid Pah*™? x Slc6a19-KO plasma Pah*™? x Slc6a19 Het plasma Pah*? plasma Slc6a19-KO plasma Wild-type plasma
(nM) (nM) (nM) (nM) (nM)

Glycine 116 £ 14 134 £19 135+ 15 99 + 20 160 +18

Serine 87+14 88+15 94 +£13 88 +7 110 £ 16

Asparagine 33+4 33+12 31+10 30+3 42+9

Aspartic acid 155 12+6 10+3 13+3 n+4

Glutamine 849 +70 690 + 148 708 +93 790 £ 82 788 + 82

Glutamic acid 64 + 20 48 + 22 39+1 55+13 49 +14

Threonine 7514 122 £15 121+ 23 72+ 8 144 + 25

Alanine 245 + 44 210 £ 54 196 + 52 222 +33 279 £ 49

Cystine 27 +5 3013 31+£12 24+ 4 36£12

Lysine 585 145 388 +69 396 +48 585 + 65 464 + 85

Proline 123 £ 25 79+15 79 +15 125 +15 109 + 27

Histidine 77+9 91+19 88+9 716 90+ M

Tyrosine 75 +£12 73£16 68 +10 134 £10 140 + 30

Methionine 75+ 20 63+13 69 + 20 70 £12 102 + 36

Arginine 228 + 41 153 £ 32 147 + 27 218 + 26 193 +43

Leucine 190 = 45 202 +43 189 + 35 175+ 24 208 + 27

Isoleucine 125 £17 139+ 20 129 £ 15 14 £14 129 £ 20

Phenylalanine 573 £105 1,879 + 146 1,875 + 328 18 £12 122+ 20

Tryptophan 69 +14 103+14 98 + 11 61+10 134 + 20

Valine 187+ 34 204 +37 184 + 37 174 £19 197 £33
neurons was counted. In the CA1 region of the hippocampus, Pai®™? mice had a clearly reduced density
of dendritic spines compared with wild-type mice (Figure 5A). By comparison, there was no difference
in spine density between genotypes in the dentate gyrus. In layers 2/3 (Figure 5A) and layer 5 (data not
shown) of the medial prefrontal cortex, Pah*™? mice had a significantly (P < 0.005) reduced density of
spines compared with wild-type mice in both regions. Spine density in Pah®™? x Slc6a19-KO mice, in con-
trast, was found to be significantly increased in both the hippocampal CA1 region and layers 2/3 of the
medial prefrontal cortex (Figure 5A).

In addition to reduced spine density, tracings from layer 2/3 cortical neurons revealed visually obvious
decreased and less complex branching in Pah*™? mice compared with wild-type mice (Figure 5, B and C).
In contrast, tracings of cortical neurons in Pah®™? x Slc6a19-KO mice appeared similar to those from wild-
type mice (Figure 5D). We quantified dendritic complexity using two different approaches. First, quanti-
fication of the total number of branches showed that layer 2/3 cortical neurons have significantly fewer
total branches in Pa/s*™? mice (P < 0.0001) compared with both wild-type mice and Pah*? x Slc6al9-KO
mice (Figure 5E). Second, a more detailed analysis was performed using a priming scheme, with branches
stemming directly from the soma labeled as 1’, branches extending off the 1’ dendrites labeled as 2, etc.
Although there was an equal number of 1’ branches in cortical neurons in Pak™? and wild-type mice, there
was a significant reduction in the number of 2’5" branches in Pa/*™? mice compared with both wild-type
mice and Pah*™? x Slc6al9-KO mice (P < 0.0001)(Figure 5F). Thus, while Pah*? mice have abnormal
dendritic architecture in critical neurons responsible for learning and memory, Pah*™? x Slc6a19-KO mice
exhibit a pronounced increase in both dendritic branch number and branching complexity, comparable to
those found in wild-type animals.

Identification of a spatial working memory deficit in Pah®? mice and correction of this deficit in Pah™? mice
lacking SLC6A19. We next asked if the decrease in plasma and brain Phe levels, the increase in neurotrans-
mitter levels, and the improvements in neuropathology in Pah®? x Sic6a19-KO mice were sufficient to
translate to a meaningful correction of the cognitive deficits of the Pa/z™? mouse. A number of behavioral
tests performed on the PKU mouse model have identified impairments in various aspects of learning and
memory (22, 35). Given the evidence of neuropathology in the prefrontal cortex and reported deficits in
spatial recognition, we decided to evaluate our mice using an 8-arm radial maze, a sensitive and partially
automated test of spatial learning and working memory (36). This “win-shift” test first involved a training
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Table 3. Brain amino acid levels

Amino acid

Glycine
Serine
Asparagine
Aspartic acid
Glutamine
Glutamic acid
Threonine
Alanine
Cystine
Lysine
Proline
Histidine
Tyrosine
Methionine
Arginine
Leucine
Isoleucine
Phenylalanine
Tryptophan
Valine

Pah®"? x Slc6a19-KO Pah*? x Slc6a19 Het ~ Pah*"? brain (ng/ml) Slc6a19-KO brain (ng/ml) Wild-type brain (ug/mil)

brain (ng/ml) brain (ug/ml)
22.7+77 221+2.8 29.3+9.2 271+72 234+6.3
19.9+0.8 21.8+ 2.6 21.9+1.8 20.9+3.0 21.8 £ 41
33+0.5 3.0+£0.5 29+0.6 3.2+05 3.0+04
110.9+£11.8 117.6 +29.9 110.9 £19.1 124.9 +22.3 118.7 +22.0
203.2 £20.5 151.5 +15.7 157.3 £15.1 224.6 +22.3 205.6 +12.2
376.4 £ 40.6 354.3+124 346.5 + 26.1 396.9+44.7 361.9 +30.8
44+04 74 +£1.2 7914 54+0.8 10.0+15
173+6.4 16.9+75 176 £+ 8.2 175 +6.0 15.8+5.3
49+0.3 52+0.6 57+0.6 56+x04 57+03
9.5+19 8.3+0.9 8.5+16 9.3+1.0 8.2+14
2.8+0.5 26+0.6 2.6+0.6 27+0.3 24+03
3.0+10 42+09 47 +11 2.8+0.5 2.8+0.5
27+0.5 22+04 22+05 43+03 29+04
33+04 2.6+0.6 2.7+0.5 3.5+0.3 32+05
5.2+13 53+07 49+09 5.0+079 49+0.8
73+0.7 6.7+0.7 6.8+0.8 7.5+0.6 74 £ 0.5
14+0.2 1.2+04 12+04 1.6+0.3 1.6+£0.2
151+2.2 324 +33 36.1+6.1 7.8 £1.1 7.0+ 0.6
0.8+01 0.7+0.1 0.7+0.1 09+0.2 0.9+01
1.8+0.2 1.5+0.3 1.6+0.3 22+0.2 23+0.2

insight.jci.org

phase, where all 8 arms of the maze were open and baited (see Methods), and the ability of the mice to col-
lect the food reward at the end of each arm without revisiting any arm was recorded. All the groups showed
improvement during this phase, with no significant difference between the genotypes by days 9-10 (Figure
6, A and B). The result indicates that both Pah®? and wild-type mice have intact learning acquisition and
spatial short-term working memory function. In the study phase, only 4 arms were open and baited. Once
the mice completed the study phase, there was a short retention interval of 3 minutes, which was followed
by the test phase where the mice were reinserted into the maze, with all 8 arms now open but only the 4
arms previously closed in the study phase being baited. A visit to a food trough previously visited in either
the study phase or test phase was recorded as an error. During the study phase at days 1-2 or 9-10, there
was no difference between the groups (Figure 6, C and E). However, during the test phase PaA®? mice
exhibited a significant increase in the number of errors compared with the other genotypes (P < 0.0001),
showing no improvement between days 1-2 (Figure 6D) and days 9-10 (Figure 6F). The results indicate
that Pah®? mice exhibit a significant deficit in spatial working memory but only after increasing the mem-
ory load caused by the delayed spatial win-shift task, which requires the animal to hold spatial information
across the retention interval (37). This deficit was fully rescued in Pah*? x Slc6a19-KO mice (Figure 6F).
Thus, the decreased blood and brain Phe levels in Pah™? x Slc6al9-KO mice translated to a measurable
improvement in a specific cognitive deficit.

Efficient knockdown of SLC6A19 expression in the kidney after injection of peptide-linked antisense oligo-
nucleotides. The above results demonstrated the beneficial effects on the PKU disease phenotype in
the context of a complete absence of SLC6A19 expression beginning at birth. We wished to deter-
mine if transient inhibition of SLC6A19 expression in an adult animal could also correct the disease
phenotype. Phosphorodiamidate morpholino oligonucleotides conjugated to cell-penetrating peptides
(PPMOs) have been shown to efficiently knock down target mRNA expression in tissues by inhibiting
mRNA splicing. We screened oligonucleotides designed to inhibit Slc6al9 splicing in primary mouse
renal tubular epithelial cells. The most potent oligonucleotide was conjugated to peptide “J,” which
has been shown to be particularly effective in the kidney (38). Adult Pahi*™? mice were injected with
2 consecutive doses of either SLC6A19 PPMO (19e6ei-J) or scrambled control PPMO (Scrmbl-J)
on days 0 and 1 and then injected once weekly thereafter for 3 weeks. This dosing regimen was well
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tolerated and found to provide the optimal knock down of SLC6A19 but did induce transient mild
tubular necrosis and regeneration (Supplemental Figure 1; supplemental material available online with
this article; https://doi.org/10.1172/jci.insight.121762DS1). Kidneys were harvested 3 days after the
last dose. There was essentially complete knockdown of SLC6A19 mRNA and protein expression
in 19e6ei-J] PPMO-treated animals (Figure 7, A and B). Immunohistochemical staining of kidney
sections showed abundant expression of SLC6A19 in the proximal tubule epithelial cells of control
animals (Figure 7C) but no visible SLC6A 19 expression in 19e6ei-] PPMO-treated mice. Thus, PPMO
treatment was highly effective in inhibiting SLC6A19 expression in the Pak®™? mouse.

Extensive and sustained efficacy of oligonucleotide-mediated inhibition of SLC6A19 in Pah®? mice. We
next measured the levels of Phe in the urine, blood, and brains of mice treated with the Slc6al9 or
control PPMO. After 24 hours of urine collection, barely detectable amounts of Phe were found in
the urine of wild-type animals as expected, and only small quantities of Phe were present in the urine
of animals treated with either saline or the control PPMO (Figure 8A). However, abundant amounts
of Phe (~20 mg) were excreted over a 24-hour period from mice treated with the Slc6a19 PPMO, indi-
cating successful induction of neutral aminoaciduria. Plasma Phe levels in the animals treated with
the control PPMO or saline were in the typical 2,000 uM range (Figure 8B). In contrast, plasma Phe
levels in mice treated with the Sic6a19 PPMO were decreased by approximately 50% (Figure 8B), and
these levels remained remarkably constant at 840-870 uM throughout the course of the study. These
levels were higher than what was observed in Pah®? x Slc6al9-KO animals (~600 uM), which was not
unexpected given the complete absence of SLC6A19 expression in all tissues in the KO animals versus
inhibition of only kidney SLC6A19 with the PPMOs. Brain Phe levels in the Sic6a/9 PPMO-treated
mice decreased approximately 45% relative to the control PPMO- or saline-treated animals (Figure
8C), with levels only slightly higher than those found in wild-type mice. Thus, antisense oligonu-
cleotide treatment was effective in inducing neutral aminoaciduria that in turn significantly lowered
blood and brain Phe levels.

Given the critical importance of neurogenic amines on cognitive function, it was of interest wheth-
er Slc6al19 PPMO treatment could completely or partially restore the deficiency of serotonin, dopamine,
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Figure 4. Decreased number of reactive
astrocytes in the ventral pallidum region
of Pah*™? mice lacking Slc6a19 compared
with Pah®™2 mice. Brains from the dif-
ferent genotypes of mice were sectioned
and stained with an anti-GFAP antibody,
and the number of immunoreactive
astrocytes was counted. Arrows indicate
representative dark brown-stained, star-
shaped astrocytes. Scale bar: 50 um. n
=5 animals/group. One-way ANOVA was
performed, follow by Tukey’s multiple
comparisons test. **P = 0.003. Mean +
SEM is shown.
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and norepinephrine in the Pas*? mouse. Twenty-five days after the initiation of Sic6al9 PPMO treat-
ment, the levels of brain serotonin and 5-HIAA increased significantly compared with those of animals
treated with the control PPMO or saline (Figure 8, D and F). In addition, dopamine and norepineph-
rine increased to levels comparable to those in wild-type animals (Figure 8, E and G). The results
demonstrate that deficits in neurogenic amines in the PKU mouse could be substantially restored by
antisense-mediated inhibition of SLC6A19 in an adult animal.

Discussion

Intracellular and circulating Phe concentrations that are normally maintained at fairly constant levels
are disrupted in PKU, due to impairment in the initial step of Phe metabolism. While one therapeutic
approach is to restore the catabolic pathway, in this study we investigated an alternate idea of removing
excess Phe by preventing its reabsorption by the kidney. Amino acids are normally very efficiently reab-
sorbed from the glomerular filtrate by transporters located on the apical membrane of epithelial prox-
imal tubule cells, with SLC6A19 being the major transporter for neutral amino acids such as Phe. KO
mice lacking SLCA19 exhibit aminoaciduria but are otherwise phenotypically normal. To ascertain the
Phe-lowering potential of targeting SLC6A 19, the Pah*™? mouse was crossed with the Slc6a19-KO mouse.
These Pah*™? x Slc6a19-KO animals excreted abundant amounts of Phe in their urine and were found to
have significantly lower blood and brain Phe levels. Thus, blocking SLC6A19 function provided an alter-
nate path for Phe disposal, markedly lowering its accumulation in blood and tissues.
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Figure 5. Increased dendritic spine density and arborization complexity in Pah*"> mice lacking Slc6a19. (A) Dendritic spines were visualized using Gol-
gi-Cox staining. Shown are representative images from the CA1 and dentate gyrus regions of the hippocampus and layers 2/3 of the medial prefrontal cor-
tex. A minimum of 750 spines from 5 neurons per mouse and at least 3 mice per genotype were analyzed. Representative neurons from Pah®™2, wild-type,
and Pah®™? x Slc6a19-KO mice from layers 2/3 of the cortex were visualized using Golgi-Cox staining and electronically traced using Neurolucida Suite and
Cell Sens software. Original magnification, x1,000. (B) Pah®™? x Slc6a19-KO neuron. (C) Pah*™? neuron. (D) Wild-type neuron. (E) Quantification of branch
number. n = 16-20 neurons analyzed per genotype. (F) Quantification of branch complexity. Branch complexity was quantified using a priming scheme, with
branches directly connected to the neuronal cell body identified as 1', secondary branch points identified as 2/, etc. One-way ANOVA was performed, follow
by Tukey’s multiple comparisons test. **P < 0.005, ***P < 0.001. Mean + SEM is shown.

Interestingly, although blood Phe levels decreased dramatically, the levels of the other circulating ami-
no acids were not significantly altered in Pa/*? mice lacking SLC6A19. The reason for this is not fully
understood. Reduced muscle protein turnover and a shift in metabolism away from utilization of amino
acids as a source of energy may play a role (39). Amino acid transporters may act in concert with mTOR
to maintain plasma amino acid homeostasis (40). There may also be increased absorption of small peptides
in the small intestine.

In this regard, since SLC6A19 plays an essential role in absorption of Phe in the small intestine, one
question is the relative importance of inhibiting intestinal amino acid uptake versus renal amino acid reab-
sorption. The antisense data indicate that Phe reduction can be achieved in this model by selectively tar-
geting SLC6A19 in the kidney, since intravenous injection of PPMOs had no effect on the expression of
SLC6A19 in the small intestine. The amount of Phe reduction was somewhat greater in the Pah™? mice
lacking SLC6A19 compared with that in antisense oligonucleotide—treated animals, suggesting that the
absence of Phe uptake via intestinal SLC6A19 may have contributed a minor role to the Phe lowering. On
the other hand, we have observed that genetic deletion of TMEMZ27 in Pah®™2 mice yielded nearly identical
results with regard to urine, blood, and brain Phe levels as deletion of SLC6A19 (Supplemental Figure 2).
Pahe? x TMEM27 KO mice lack expression of SLC6A19 in the kidney but retain expression of SLC6A19
in the small intestine, since intestinal SLC6A19 partners with ACE2 instead of TMEM27. Thus, while
Pahe? x S1c6a19-KO mice are unable to uptake Phe via SLC6A19 in the small intestine, whereas Pah®?
x TMEM27 KO mice presumably have normal Phe uptake, both mutant/KO animals exhibited nearly
identical amounts of Phe reduction (Supplemental Figure 2). Altogether, these findings support further
investigation into blockade of renal reabsorption of Phe as a potential therapeutic modality.

However, another consideration is that the data indicate that blockade of SLC6A19 has to be nearly
complete in order to induce the degree of urinary aminoaciduria needed to lower blood Phe levels. This
level of inhibition was achieved with the Slc6a19 PPMOs (Figure 7), but toxicity issues known to be associ-
ated with PPMOs need to be addressed prior to their utilization beyond proof-of-concept studies (41) (Sup-
plemental Figure 1). Fortunately, highly specific and potent small-molecule inhibitors have been developed
against several members of the SLC6A family of transporters, e.g., the widely prescribed selective serotonin
reuptake inhibitors, suggesting that SLC6A19 may be pharmacologically amenable to targeting.

Mice lacking SLC6A19 exhibit no overt phenotype other than chronic aminoaciduria, and most,
but not all, humans lacking SLC6A19 also exhibit no obvious symptoms. Hartnup disorder is an
autosomal recessive disease that is caused by mutations in the gene encoding SLC6A19 (42, 43).
With an incidence of approximately 1:30,000, Hartnup disorder is one of the most frequent disorders
of amino acid metabolism after PKU (44, 45). Clinical features associated with Hartnup disorder
include a pellagra-like photosensitive skin rash, cerebellar ataxia, and psychiatric disturbances (44).
Many Hartnup patients have increased excretion of indoles, as indolic compounds are formed in the
gut from bacteria that consume and degrade tryptophan that fails to be absorbed by the small intes-
tine due to the lack of SLC6A19. The decrease in tryptophan absorption results in decreased niacin
synthesis, which can be readily treated with nicotinamide. However, the vast majority of patients
with Hartnup disorder are asymptomatic and do not require treatment (46). Why some Hartnup
patients develop symptoms and others do not is still unclear, but, in many cases, the underlying factor
in patients that do develop symptoms appears to be poor nutrition or a very low-protein diet (47).
Overall, Hartnup disorder can be considered benign, given the few reported cases of Hartnup relative
to the number of subjects identified by newborn screening (44).

To what extent the mouse model data described herein may be applicable to humans is unknown, but
there are important species differences to be considered. First, while the Pas*? mouse mimics the severe,
classic PKU phenotype, mice have a much higher metabolic rate and, thus, intake greater than 20—40 times
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Figure 6. Characterization of the deficit in spatial working memory in Pah®*"? mice and restoration in Pah*"? mice lacking Slc6a19. Mice were tested

in an 8-arm radial arm maze (see Methods). Each black circle indicates food reward at the end of an arm; white bars indicate arms open to entry; black
bars indicate arms blocked from entry. (A) Percentage of correct choices made during the training phase, days 1-2. (B) Training phase days, 9-10. (C) Study
phase, days 11-12. (D) Test phase, days 11-12. (E) Study phase, days 19-20. (F) Test phase, days 19-20. n = 9-13 animals/group. One-way ANOVA was per-
formed, follow by Tukey’s multiple comparisons test. *P = 0.0375, ***P < 0.0001. Mean + SEM is shown.

the amount of Phe per kilogram of body weight compared with humans. Second, while the decrease in
plasma Phe levels in mice lacking SLC6A19 was quite substantial, the levels (~600 pM for the KO animals
and ~900 puM for the Slc6a19 PPMO-treated mice) were well above the normal range of 60—120 uM. Third,
while mice lacking SLC6A19 were smaller at weaning compared with their wild-type counterparts (Figure
1), the effect of inhibiting SLC6A 19 on growth in young children, perhaps in the context of a Phe-restricted
diet, is unknown and will need to be carefully assessed.

Finally, PKU is one member of a group of diseases where normal amino acid metabolism is impaired.
Examples include intoxication-type disorders caused by defects in enzymes involved in the catabolism of
branched-chain amino acids, such as maple syrup urine disease, where accumulation of leucine and its
metabolites causes neurotoxicity and the risk of life-threatening metabolic decompensation (48). Anoth-
er member is type II tyrosinemia, where a deficiency in the enzyme involved in the first step of tyrosine
catabolism leads to toxic accumulation of tyrosine, causing corneal and dermatological lesions as well as
neurocognitive deficits in some patients (49). Similar complications may arise from the use of nitisinone to
treat type I tyrosinemia, which greatly improves clinical outcomes but also elevates tyrosine levels (50). In
addition, there are diseases that cause a secondary accumulation of amino acids, e.g., urea cycle disorders
(UCDs). With UCDs, in the absence of a functioning urea cycle the body attempts to rid excess ammonia
via incorporation of nitrogen into glutamine, alanine, and other amino acids, but those amino acids are
efficiently reabsorbed by the kidney. Moreover, excess brain glutamine itself is believed to be toxic (51).
The potential positive or negative effects of inhibiting neutral amino acid reabsorption in these diseases are
currently being investigated.

Methods

Generation of transgenic mice. BTBR-Pah®?/J mice (stock 002232) were purchased from The Jackson Lab-
oratory. Slc6al9-KO mice were obtained from the Taconic Knockout Repository (Taconic). The mouse
was originally created by targeted insertion of a selection cassette into the Slc6al9 gene by Lexicon Phar-
maceuticals. The background strain of the mouse is 129/SvEv-C57BL/6. Heterozygous Pah®? females
were mated with heterozygous Slc6al9-KO males to obtain offspring heterozygous for both alleles. These
mice were then intercrossed to create homozygous Pa/i*™? x Slc6al9-KO mice. Animals were cared for in
an AAALAC-accredited facility in accordance with the guidelines established by the National Research
Council. Animals had access to food and water ad libitum.

Amino acid analysis. Quantitation of amino acids was performed by UPLC-MS/MS, using an
Acquity UPLC (Waters Corporation) hyphenated to an API 5000 triple quadrupole mass spectrometer
(AB SCIEX). Samples were prepared as follows: 10 ul plasma was combined with 110 pl mobile phase
A (0.5% trifluoroacetic acid, 0.3% heptafluorobutyric acid in water) and 20 pl methanol. The sample
was vortexed and centrifuged (9,300 g for 5 minutes). A 50-ul aliquot of the supernatant was further
diluted with mobile phase A to a final dilution factor of 200x and 4,000x. Both dilutions were ana-
lyzed. Standard curves were prepared in the 200x and 4,000% diluted matrix. 50 pl urine was combined
with 450 ul of 0.1 N HCI. A 10-pl aliquot of the diluted urine was further diluted with mobile phase
A to a final dilution factor of 1,000x and 10,000%. Both dilutions were analyzed. Standard curves
were prepared in mobile phase A. Brains were weighed and homogenized in (1 mM oxalic acid, 3
mM L-cysteine, 0.1 M acetic acid) (52) using TissueLyser II (Qiagen). A 20-ul aliquot of homogenate
was combined with 20 pl mobile phase A and 20 pl methanol. The sample was vortexed and then
centrifuged. An aliquot of the supernatant was diluted with mobile phase A to a final dilution factor
of 300x and 3,000x. Both dilutions were analyzed. Standard curves were prepared in the 300x and
3,000% diluted matrix.

L-amino acids purchased from MilliporeSigma were used to prepare standard solutions. Amino acid analy-
sis was performed using a Waters Acquity BEH C18 column (1.7 pm, 2.1 mm x 100 mm) (Waters Corporation)
with gradient separation, which included a 0.5-minute hold at 99.9% mobile phase A (0.5% trifluoroacetic acid,
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0.3% heptafluorobutyric acid in water) followed by a 0.1%-30% mobile phase B (acetonitrile) gradient over
2.5 minutes, an increase to 90% B over 3 minutes, a 1-minute wash at 90% B, and reequilibration at 99.9% A
for 1.9 minutes. Total run time was 6.5 minutes, injection volume was 5 pl, flow rate was 0.5 ml/min, column
temperature was 25°C, and the sample temperature was 10°C. MS/MS detection was carried out in positive ion
mode with declustering potential and collision energy manually optimized to 20 and 25, respectively, while the
ion-spray potential and temperature were set to 1,500 V and 500°C.

Measurement of brain neurotransmitters. Mice were perfused with PBS and then brains were dissected,
snap frozen in liquid nitrogen, and stored at —80°C. Brains were homogenized at a concentration of 200
mg/ml in 1 mM oxalic acid, 3 mM cysteine, 0.1 M acetic acid, pH ~3.6, using a TissueLyser II (Qiagen),
centrifuged at 15,000 g for 10 minutes at 4°C, and the supernatant was transferred to a new tube. A 100-
ul aliquot of the supernatant was diluted with 100 pl of 600 pg/ml cysteine buffer and then 80 pl of the
2x diluted sample was evaporated under nitrogen and reconstituted in 40 pl of a solution containing 90%
mobile phase A (0.25% trifluoroacetic acid, 0.15% heptafluorobutyric acid in 300 ng/ml cysteine) and 10%
mobile phase B (acetonitrile). Standards for dopamine, serotonin, 5-hydroxyindole-3-acetic acid, and nor-
epinephrine were purchased from MilliporeSigma. Standard curves were prepared in the diluent solution.

Analysis of neurotransmitters was performed by UPLC-MS/MS using an Acquity UPLC (Waters
Corporation) hyphenated to an API 5000 triple-pole quadrupole spectrometer (AB SCIEX). A Phenome-
nex Luna C18-HST column (3 x 100 mm, 2.5 pM) was used with gradient separation, which included a
0.5-minute hold at 90% A followed by a 10%-25% B gradient over 2.5 minutes, washing at 95% B, and
reequilibration at 90% A. Total run time was 6.5 minutes, injection volume was 5 pl, column temperature
was 25°C, and the sample temperature was 5°C. Flow rate was 0.5 ml/min. MS/MS detection was carried
out in positive ion mode with declustering potential and collision energy manually optimized for each ana-
lyte, while the ion-spray potential and temperature were set to 5,000 V and 500°C.
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Figure 8. Efficacy following oligonucleotide-mediated inhibition of SLC6A19 in Pah®"'? mice. Animals were injected intravenously (7.5 mg/kg) with
Slc6a19 PPMO (19e6ei-)), control PPMO (Scrmbl-)), or saline on days 0, 1, 8, 15, and 22. PPMO treatment induced (A) excretion of Phe in urine and (B)
significantly lowered plasma and (C) brain Phe levels in Pah®™2 mice. Urine was collected for 24 hours on days 24-25. Blood was collected on days
10, 18, and 25. Animals were perfused with PBS on day 25, and whole brains were harvested. Phenylalanine was quantitated by HPLC/tandem MS/
MS. (D-G) PPMO treatment increased brain neurotransmitter levels in Pah*™? mice. (D) Brain serotonin, (E) dopamine, (F) 5-HIAA, and (G) norepi-
nephrine levels were quantitated by high-performance liquid chromatography/tandem mass spectrometry. n = 10 animals/PPMO-treated groups;

n = 8 animals/saline-treated group; n = 4 animals/naive wild-type group. One-way ANOVA was performed, follow by Tukey’s multiple comparisons
test. *P = 0.0178, ***P < 0.0001. Mean + SEM is shown.
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Synthesis, purification, and administration of peptide-linked morpholino oligonucleotides to mice. Several phos-
phorodiamidate morpholino oligonucleotides (PMOs) were designed and synthesized by GeneTools LLC
to inhibit splicing of mouse Slc6al9. The PMOs were screened by transfection of primary mouse renal
tubular epithelial cells using the Endo-Porter peptide delivery agent (GeneTools LLC) and quantitative
RT-PCR. The most potent oligo, 19e6-ei (exon 6-intron 6 splice donor) had the following sequence:
5-CCCTTCACCTCCATACTCACTGCAC-3'. The scrambled control oligo had the following sequence:
5'-ATCACCATTCCGCCTACCTTCCACC-3'.

The PMOs were synthesized with a 5' primary amine modification and functionalized by reaction with
sulfo-N-succinimidyl-4-formylbenzoate to generate PMOs with a 5’ 4-formylbenzamido modification. A
cell-penetrating peptide based on peptide “J” (38) was synthesized with an additional C-terminal lysine
functionalized by 6-hydrazino-nicotinamide (HyNic) modification on the epsilon carbon. The sequence of
peptide J is as follows: Ac-rXrrXrrXrrXrXBK(HyNic)-NH2, where Ac indicates N-terminal acetyl; NH2
indicates C-terminal amide; r indicates D-arginine; X indicates 6-amino-hexanoic acid; B indicates (3-ala-
nine; and K(HyNic) indicates L-lysine-e-HyNic.

Functionalized PMO and peptide were reacted to form peptide-PMO conjugates containing a
bis-arylhydrazone linkage. PPMO conjugates were purified from unconjugated peptide and PMO by
reverse-phase HPLC. Briefly, samples were reconstituted in buffer A (20 mM ammonium acetate) and
loaded on an XBridge preparative C18 column (Waters Corporation) at 5 ml/min. One-minute frac-
tions were collected with a gradient of 2%-95% buffer B (20 mM ammonium acetate, 60% acetonitrile)
over 48 minutes. Fractions containing both 265 and 354 nm absorbance were pooled and lyophilized,
reconstituted in deionized H,O, and quantified by A265 and A354. Aliquots of purified PPMO were
lyophilized and reconstituted in PBS prior to injection.

Mice were injected intravenously at a dose of 7.5 mg/kg for 2 consecutive days and then once weekly
thereafter. Mice were bled via the mandibular vein 3 days after the third, fourth, and fifth injection of
PPMO. Mice were placed in metabolic cages on day 24 for 24-hour urine collection.

Immunohistochemistry. Animals were perfused with PBS, and dissected brains and kidneys were fixed in
10% neutral buffered formalin in PBS, pH 7.4, at 4°C for 2 days; dehydrated in a graded series of 50%, 75%,
90%, 96%, and 100% ethanol; equilibrated with xylene, embedded in paraffin; and sectioned at a thickness
of 8 um. Mounted paraffin sections were dewaxed in xylene and rehydrated in graded ethanol solutions prior
to antigen retrieval in boiling 50 mM sodium citrate plus 0.01% Tween20 for 25 minutes. Endogenous perox-
idase activity was inhibited through incubation of sections in 3% hydrogen peroxide for 10 minutes prior to
washing with PBS and blocking with 10 mg/ml BSA in PBS for 2 hours at room temperature. Sections were
incubated with rabbit anti-GFAP (1:5,000) (Abcam) or rabbit anti-SLC6A19 (1:500) (custom-made genomic
antibody, Sdix) primary antibodies overnight at 4°C. Secondary biotinylated goat anti-rabbit or rabbit anti-rat
antibodies were used at 1:200 dilution for 1 hour at room temperature. Sections were then incubated with
streptavidin-HRP polymer complex (1:1,000) (Vector Laboratory) for 30 minutes. Slices were washed 3 times
for 5 minutes each between antibodies and enzyme incubations with PBS containing 0.4% Tween-20. Diam-
inobenzidine (DAB) enhanced substrate system was used according to the manufacturer’s instructions (Cell
Signaling Technology). After washing off excess DAB substrate, slides were counterstained with Gill’s No.
2 Hematoxylin (MilliporeSigma) prior to coverslip mounting. Sections were viewed with an Olympus BX43
microscope equipped with a DP-73 camera.

Dendritic spine density and arborization. Brains were removed from mice, and cryosections were cut at thickness
of 100 uM and collected onto gelatin-coated slides (FD NeuroTechnologies Inc.). After air drying, Golgi-Cox
staining was performed using the FD Rapid GolgiStain Kit (FD NeuroTechnologies Inc.) according to the man-
ufacturer’s instructions. Slides were viewed with an Olympus BX43 microscope equipped with MPLAPON
objectives and a DP-73 camera (Olympus America). Neurolucida Suite (MBF Bioscience) and CellSens (Olym-
pus America) software were used to generate and analyze neuron traces from layer IT/III cortical neurons.

Behavioral test. Learning and memory assessments were conducted using an 8-arm radial mouse maze
(Med Associates). This maze consists of 8 arms extending from a central chamber with 8 guillotine doors
positioned at the interface of the central chamber and arms. A 14-mg food dispenser and trough are at
the end of each arm. Each arm has 2 sets of photosensors to track movement of mice in and out of the
arms. In addition, the food trough also contains photosensors that detect mouse head entries into food
troughs and to dispense food. The sides and top of each arm are composed of clear plastic to allow mice
to use visual cues in the room to spatially navigate the maze. A computer in an adjacent room controlled
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the maze events and data collection. Photosensor, food, and door data were collected using MED-PC
software v4.39 (Med Associates) with a resolution of 10 ms.

Thirteen days prior to the start of behavioral testing, body weights from individually housed mice were
taken over an average of 3 days. Mice were diet restricted to reduce and maintain a body weight of no
less than 87.0% of their ad libitum food body weight for the duration of the behavioral assessment. For 4
days prior to testing, mice were pretrained to associate the maze with the experience of obtaining a 14-mg
sucrose-flavored food reward (Bio-Serve, F05684) by allowing each animal free access to 4 of the 8 arms
until one food reward from each arm was retrieved. The maze was cleaned between subjects with Clidox at a
ratio of 1:18:1 (Pharmacal Research Laboratories Inc.) to prevent a previous mouse’s scent from interfering
with a subsequent mouse’s performance. To further prevent a mouse from using its own scent cues, the entire
maze was scent saturated using cotton bedding from the mouse’s home cage prior to mice entering the maze.

Radial arm maze training phase (8 arms open, 8 arms baited) to assess spatial short-term memory. Approx-
imately 20-week-old mice were individually placed in the central chamber of the maze for a 1-minute
acclimation period before beginning the procedure. After acclimation, all 8 doors opened with the objective
of collecting a food reward available at the end of each arm (8 arms open, 8 arms baited). Only one food
reward is delivered per arm, and a revisit to a previously visited food trough is considered an error in spatial
short-term memory. After either collecting the last food reward or after 15 minutes of elapsed time, the
session ends and the doors close. These training phase sessions are performed once a day, at the same time
of day for each mouse for 10 consecutive days. Results are reported as the mean total error = SEM from the
first 2 days or last 2 days of training. Following 10 days of consecutive spatial short-term memory training,
animals proceeded directly to the spatial working memory test with a retention interval.

Radial arm maze test phase (delayed spatial win shiff) to assess spatial working memory. Mice were tested using a
delayed spatial win-shift task for 10 consecutive days. This is a 2-phase procedure composed of a study phase
and test phase. In the study phase, animals were placed in the central chamber of the maze for a 1-minute
acclimation period. Four of the eight doors were opened (randomly chosen by the computer every day, but the
same for all mice each day), and the mouse was required to collect a food reward that was available at the end
of each of the 4 baited arms (4 arms open, 4 arms baited). After collecting the last food reward (or 15 minutes of
elapsed time), the doors closed. The mouse was subjected to a retention interval (time delay) by being taken out
of the maze and returned to his home cage for 3 minutes, during which the maze was cleaned. The mouse was
returned to the maze to begin the test phase. After 1 minute of acclimation, all 8 doors of the maze open. Only
arms that were previously closed in the study phase were baited in the test phase (8 arms open, 4 arms baited). A
revisit to a food trough previously visited in either phase is considered an error in spatial working memory. After
either collecting the last food reward or after 15 minutes of elapsed time, the session ends and the doors close.
Results are reported as the mean total error = SEM obtained from the first 2 days or last 2 days of the test phase.

Statistics. Data were analyzed by 1-way ANOVA followed by Tukey’s post-test using Prism 7 software
(GraphPad Software). P < 0.05 was considered statistically significant.

Study approval. All animal studies were reviewed and approved by Sanofi’s Institutional Animal Use
and Care Committee.
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